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Abstract 
 
Rice is a staple food for more than half of human population and to grow it, farmers largely 
depend in soil nutrients as phosphate. In the oncoming years, phosphate based fertilizers 
will be scarce and their price will dramatically increase. Mycorrhizal fungi are symbionts 
with plants that provide phosphate and other nutrients to plant roots. In return, plants 
supply them with carbohydrates. This is the most ancient living symbiosis on the planet. 
The intimate relationship between both partners in the symbiosis process, from recognition 
to successful exchange of nutrients, requires fine tuned molecular machinery. Such 
machinery is coded by plant and fungal genes, which are transcribed at specific stages in 
the interaction. Pioneering studies have described plant gene transcription when rice roots 
were colonized by one specific isolate of the mycorrhizal fungi Glomus intraradices. 
However, this approach has overlooked the importance of fungal genetic diversity in the 
symbiosis. Using affymetrix microarray technology, we explored gene transcription 
differences in twelve weeks old rice plants inoculated with two genetically different G. 
intraradices isolates. While, a set of 292 probesets displayed differential expression in rice 
plants inoculated with both isolates, 235 and 927 where regulated exclusively when plants 
were inoculated with the isolates C1 and D1 respectively. Whereas defense response genes 
as peroxidases and chitinases were commonly downregulated by both isolates, starch 
biosynthesis genes were commonly induced by both isolates. Jasmonic acid and citokinines 
biosynthesis where differentially regulated between isolates. Here we report not only 
transcriptional variation in these categories, but also variation in gene transcription for sets 
of plant genes previously reported as mycorrhiza specific. This result concurs with 
fundamental studies about compatible and in incompatible plant microbe interactions. Even 
if the most important pathways to maintain the symbiosis are strongly conserved, 
quantitative variation appears to be the rule more than the exception.  
 
 
13 
 
Resumen 
 
Los hongos formadores de micorrizas arbusculares son organismos del suelo que proveen 
las raíces de las plantas con fosforo y a cambio, las plantas les brindan carbohidratos. Este 
fenómeno es actualmente reconocido como la simbiosis más antigua en la tierra. Una 
maquinaria molecular de alta precisión es requerida para garantizar la intima relación que 
se da entre las partes durante la simbiosis. Esta maquinaria, codificada en genes de la planta 
y del hongo, presenta diferentes patrones de transcripción a lo largo de la interacción. 
Varios estudios han mostrado variaciones en la transcripción génica de la planta durante la 
simbiosis. Sin embargo, esas aproximaciones no han tenido en cuenta la importancia de la 
variabilidad genética presente entre diferentes aislamientos del hongo. En este estudio se 
usaron microarreglos (affymetrix) para investigar las diferencias en transcripción génica de 
plantas de arroz al ser inoculadas con aislamientos genéticamente distintos de Glomus 
intraradices. Genes de resistencia, peroxidasas y quitinasas, hacen parte del grupo de genes 
con transcripción reprimida en plantas colonizadas por los dos aislamientos. Varios genes 
involucrados en la vía de síntesis de almidón fueron mayomente transcritos por los dos 
aislamientos. Sin embargo, categorías importantes como síntesis de acido jasmónico y 
producción de citoquininas fueron reguladas diferencialmente en las plantas colonizadas 
por cada uno de los aislamientos. En interacciones planta patógeno, la variación en la 
transcripción de tipo cuantitativa, más que cualitativa, es un patrón común cuando se 
comparan reacciones compatibles e incompatibles, este mismo comportamiento fue 
evidenciado en nuestros resultados. El arroz es parte de la dieta básica para más de la mitad 
de la población mundial, por lo tanto la variación cuantitativa en la transcripción y la 
sobreregulacion de genes relacionados con QTL de rendimiento tienen un gran impacto en 
ciencias biológicas y agronómicas.  
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Introduction  
 
The term symbiosis refers to close and often long term interaction between different species 
(Angelard, 2010). For example corals are the product of the symbiosis between cnidarians 
and green algae, leguminous plants form a symbiosis with rhizobial bacteria fixing large 
amounts of elementary nitrogen (N2). In the examples mentioned above, both species profit 
from the process of the symbiosis and then we can refer to these scenarios as mutualistic 
symbiosis. It is also the case of the symbiosis between arbuscular mycorrhizal fungi (AMF) 
and about 70% of the plants. As AMF structures have been found dating from the same 
time in which plants colonized land, between 400 and 500 million years ago, it could be 
considered as the ancients living symbiosis in the planet. (Remy et al., 1994; Redecker et 
al., 2000). This symbiosis is currently considered as fundamental for natural and 
agricultural ecosystems. The fungi provide plants with water and nutrients, especially 
phosphate, and thereby, improving plant’s nutritional status. Plants provide their 
counterparts with carbohydrates, key molecules for non-autotrophic soil microorganisms 
(Gilbert, 2009; van der Heijden et al., 1998).  
 
On the fungal side of the interaction Glomus intraradices (Schenk and Smith), a fungi 
belonging to the phylum Glomeromycota, is a frequently used specie in mycorrhizal 
research. It is widely distributed, with high colonization rates in nature and also relatively 
fast growth rates in monoxenic culture conditions (Smith and Read, 2008). These 
characteristics have made G. intraradices a broadly used species in agricultural practices 
(Smith and Read, 2008). Its life cycle is completed entirely below ground (Smith and Read, 
2008). Spores are multinucleate and generally contain from a hundred to several thousand 
nuclei as well as significant amounts of lipids as energy resources. The hypha produced by 
the germinated spore colonizes a host root, branching and forming arbuscules in cells of the 
root cortex, as well as vesicles and hyphae. The arbuscules are the structures where plants 
and fungi exchange nutrients.  Once a functional symbiosis has been established, the fungus 
also starts to produce new hyphae which growth out of the root. Those extraradical hyphae 
15 
 
can act as a extension of the root system, efficiently taking up nutrients and transporting 
them back to the plant. At the end of the hyphal tips new spores are formed. These new 
spores can serve as resting stages and dispersal units (Smith and Read, 2008). For these 
biological features and the relative small genome size, G intraradices has been selected as a 
model organism in the fungal side of the AMF symbiosis. One genome sequencing project 
and also nimbelgen microarray facilities are currently being developed. However, recent 
results of the sequencing consortium revealed a specially high level of polymorphism 
which had caused difficulties in the genome assembly, and therefore delaying the expected 
progress (Martin, et al., 2008). 
 
Current studies are paving the way to fill the gap in the knowledge about the genetics of 
this fungus. The pioneering report of Koch et al. (2004) about high genetic variability 
between G. intraradices isolates from one field in Switzerland was coupled by large 
differences in fungal phenotypes. Using AFLP fingerprinting Koch et al. (2004) 
characterized 16 field isolates defined as clonal cultures started from one single spore. This 
study was the first report that used the swiss isolates C2 and D1. In the study of Koch et al. 
(2004), an AMOVA analysis revealed large genetic differences among isolates of one 
population. In this case, 94.2% of the genetic differences were explained by the factor 
isolate inside population. When factors as tillage were included in the AMOVA analysis no 
significant values for these factors were obtained. At the same time the phenotypic 
variation could be translated into differences in how fungi affect plant growth. For 
example, differences in external hyphae length could impact fungal phosphorous supply to 
the plant. This hypothesis was tested by Koch et al. (2006) and Munkvold et al. (2004) 
finding strong evidence about the influence of fungal genotypic and phenotypic variation 
on plant growth differences. Croll et al. (2008) developed simple sequence repeat markers 
SSR, mitochondrial gene intron and nuclear gene intron markers to go further in the 
characterization of the isolates collected by Koch et al. (2004). These markers revealed a 
strong differentiation at the nuclear and mitochondrial level among isolates. The genotypes 
found by Croll et al. (2008) were non randomly distributed among plots treated with 
different agricultural regimens, which means that strong selective pressure could be applied 
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by humans. Not only field isolates affect differentially plant growth, genetically 
manipulated G. intraradices lines also cause strong differences in rice phenotypes and 
mycorrhizal specific gene transcription, highlighting intraspecific variation in G. 
intraradices as a determinant in the symbiosis (Angelard et al., 2010).  
 
In the other side of the interaction, knowledge about plant molecular events and 
components involved in the AM symbiosis has been limited to the first steps of the 
interaction in legumes. Using forward genetic screens, the SYM pathway, expressed in the 
formation of arbuscular but also rhizobial symbiosis has been described. The components 
of the SYM pathway, reviewed in detail by Parniske (2008), include Leucine Rich Receptor 
Kinases as (SYMRK), two predicted cation channels (CASTOR and POLUX) and two 
nuclear porins (NUP85 and NUP 113); all of them, involved in the conserved mechanism 
of calcium spiking. CCAMK, a calcium calmodulin dependent protein kinase is thought as 
a transducer of the calcium spiking signals. Finally CCAMK physically interacts with 
CYCLOPS which currently has a unkown function. In addition to the SYM pathway, 
several studies attempting to unravel gene transcriptional regulation in the plant side, 
during the interaction, have been developed. Medicago truncatula Gaertn and Oryza sativa 
L. have been used in such approaches to perform hybridization of substracted cDNA 
libraries (van Buuren et al., 1999), differential display (Taylor and Harrier, 2003), 
suppressive substractive hybridizations (Wulf et al., 2003), large scale EST sequencing of 
root cDNA libraries (Journet et al., 2002), macroarrays (Grunwald et al., 2004) and 
microarrays (Liu et al, 2003; Güimil et al., 2005). As Arabidopsis is not able to form the 
mycorrhizal symbiosis, it cannot be used as a model plant to study the interaction.  
 
Rice is the staple food for more than a half of the human beings around the world and in 
many cases is not only the principal but also the unique source of calories. Because of that, 
rice has emerged as a model plant to study the biological and molecular aspects in the last 
ten years (Angelard et al., 2010). O. sativa, belonging to the order Poales and family 
Poaceae, has the smallest cereal genome consisting of just 430Mb across 12 chromosomes 
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and is renowned for being easy to genetically modify (Garris, et al., 2005). Oryza sativa 
contains two major subspecies: the sticky, short grained japonica or sinica variety, and the 
non-sticky, long-grained indica variety. Japonica are usually cultivated in dry fields, in 
temperate East Asia, upland areas of Southeast Asia and high elevations in South Asia, 
while indica are mainly lowland rices, grown mostly submerged, throughout tropical 
Asia(Garris, et al., 2005). 
 
The knowledge about plant transcription during the interaction with one isolate of G. 
intraradices has been boosted using Rice as a model (Güimil et al., 2005, Gutjahr et al., 
2008). Phosphate transporters, receptor like kinases, chitinases and many other plant genes 
have been identified as upregulated in plant following inoculation (review by Oldroyd et 
al., 2009). Additionally,  the pioneering studies of Guimil et al. (2005) and Gutjahr et al. 
(2008) using rice as a model had unravel not only the common components of the SYM 
pathway among monocot and dicotyledonous plants, but also new important genes at early 
stages of interaction. Then, CASTOR, POLUX, CCAMK and CYCLOPS homologs were 
overtranscribed in rice plants inoculated with G. intraradices. However AM-specific gene 
expression showed to be independent from the SYM pathway downstream of the calcium 
spiking process (Gutjahr et al., 2008). Detailed studies about gene expression at the last 
steps of the interaction need further characterization. Currently, only a set of type III 
chitinases (Salzer et al., 2000),  PT11 (a phosphate transporter) in rice and recently a nitrate 
transporter in Medicago truncatula have shed light on gene transcriptions at this step of the 
interaction (Gomez et al., 2009).   
 
Based on these findings, the aim of our study was to look across rice genome for 
differences in gene transcription. Our novel approach using genetically different G. 
intraradices isolates involves a rate of fungal polymorphisms higher than the corresponding 
to only one isolate. Such approach could yield information about plant induced genes that 
probably would never be detected using the traditional mycorrhizal, non mycorrhizal 
comparison. Moreover, we have introduced in plant science algorithms developed for 
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human research, resulting in a successful attempt to unravel plant gene expression at latter 
stages of the interaction. 
 
Here, we used two genetically different isolates of G. intraradices, namely C2 and D1, to 
gain knowledge about the role of AM fungal genetic variation in rice gene transcription. 
Exploiting such approach, never attempted before, we tested the null hypothesis of no 
significant transcriptional variation when rice plants undergo mycorrhizal symbioses with 
G. intraradices genetically different isolates. Rice plants, inoculated with genetically 
different G. intraradices isolates, were grown for twelve weeks allowing an appropriate 
process of fungal colonization in the green houses of the University of Lausanne. mRNA 
was extracted from plant roots, reverse transcribed and copied to cDNA prior to whole 
genome amplification. Once the amount of cDNA was amplified to reach the requirements 
of microarray hybridization, nine affymetrix rice chips (three biological replicates per 
treatment) were hybridized. The affy 57K array contains between 10 and 12 replicates for 
each of the 57000 genes predicted in the rice genome, those groups of replicates are called 
probesets. After image acquisition, quality control and normalization, via robust multiarray 
analysis, lists of transcription levels for nearly 57000 gene transcripts represented by probe 
sets in the affy chips were obtained. Three different approaches were carried out to detect 
differentially transcribed genes: first, linear models and t-test were implemented in order to 
detect differential transcription, the analysis was based on affymetrix annotation database, 
secondly gene ontology analysis using the list of probe sets mentioned before was 
implemented and thirdly, geneset enrichment analysis GSEA using manually generated 
genesets was implemented as a powerful strategy which avoids arbitrary cutoff values and 
the traditional t test approach. Finally, real time quantitative PCR was carried out in order 
to confirm the expression patterns for 17 genes found with the different approaches. Using 
these robust methods we found evidence to reject our null hypothesis of no differences in 
gene transcription caused by variation fungal genetic variation.  
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Materials and Methods 
 
Growth conditions and maintenance of Glomus intraradices 
 
Two isolates which displayed differences in their AFLP and microsatellite profiles, 
originating from the same field in Tänikon Switzerland, namely C2 and D1, were used to 
perform the experiments mentioned in this study (Koch et al., 2004). Those lines were 
selected, not only for their important genetic features, but also to test how plant gene 
transcription is affected by inoculation with AMF in which no significant variation in 
phenotypic traits or plant growth effect have been reported (Koch et al., 2004, Croll et al., 
2008). The monosporic cultures obtained by Koch et al., (2004) were maintained by 
successive subculturing cycles of 15 weeks. Culture conditions were described by Bécard 
and Fortin (1988) and consisting on culture media and Ri T-DNA transformed carrot roots 
altogether in 10 cm petri dishes, allowing the development of the symbiosis in monoxenic 
conditions.   
 
Plant material, inoculation and plant culture conditions 
 
Nipponbar rice seeds were obtained from Uta Paszkowski’s group at the Department of 
Plant Molecular Biology, University of Lausanne. Following the methodology proposed by 
Angelard et al., (2010) seeds were sterilized on the surface with Sodium hypochlorite at 
2%, washed with abundant sterile water and germinated on filter paper in the greenhouses 
at the University of Lausanne. Eight days after germination, seedlings were transplanted to 
germination trays filled with moist vermiculite. Thirteen days after germination seedlings 
with equal size and development were finally placed in pots filled with 450 ml of 4:6 
(vol:vol) mixture of loam and sand. Soil mixture used in the pots was autoclaved twice at 
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120°C two weeks before planting. Two treatments, i. inoculation with isolate C2 and ii. 
inoculation with isolate D1, and one control (no inoculation) were designed. Thirty pots 
selected for the assay were distributed randomly into different treatments. Each of the 
seedlings mentioned above, were inoculated with a 0.2 ml spore suspension containing 500 
spores of the respective isolate and water for the control and planted in pots. The inoculum 
was applied as a spore suspension to the soil in contact with the seedling root. The position 
of the pots in the green house was randomized. Every two days each pot was watered with 
50-75 ml of tap water, which more than cause flood conditions keep the soil in optimal 
moisture status for plant development. Plants were fertilized twice during the experiment 
with a full strength Hoagland solution containing no phosphorous in order to facilitate the 
development of the symbiosis. and potassium concentration was adjusted by adding KCl. 
Growth conditions at the green house were 16 hours daylight and temperatures vary 
between 18°C and 30°C. Under these conditions nipponbare plants are expected to 
complete only the growth stages of germination, seedling, tillering, stem elongation, 
booting or panicle initiation and heading or panicle exertion (Yamamoto et al., 2000). 
These stages are also known as S0 to S4 in the IRRI classification system and correspond 
to the vegetative phase and half of the reproductive stage. 
 
RNA extraction and affymetrix genechip hybridization  
 
The symbiosis among AMF and plants is a slow developing process in which different rice 
root cells could in the same moment display different physiological stages. In one defined 
moment, for example, some cells could be in early process of arbuscule development, 
others could be unaffected by the symbiosis and other could be hosting arbuscules reaching 
senescence. In order to maximize the AMF colonization of rice roots, plants were harvested 
twelve weeks after transplant. Roots were carefully washed with abundant tap water. 
Immediately after washing, roots of each biological replicate were frozen in liquid nitrogen 
to prevent RNA degradation (Angelard et al., 2010). 100 mg of ground tissue were used to 
extract RNA with the Rneasy plant mini kit following the manufacturer’s instructions 
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(Qiagen®). In order to prevent genomic DNA contamination, samples were treated with 
DNase I grad according to the manufacturers protocol (Invitrogen®) Treatment with LiCl 
was implemented to eliminate sugar present in plant roots. First strand cDNA synthesis was 
carried out using superscript III (invitrogen®) according to the manufacturers instructions. 
At this step, three samples of each treatment were merged to form three replicates per 
treatment. The mixing procedure consisted of mixing cDNA from the samples in equimolar 
concentrations. cDNA whole transcriptome amplification and GeneChip rice genome array 
hybridization (also known as affimetrix 57) were carried out at the microarray facility of 
the Center for Integrative Genomics at the University of Lausanne according to their 
protocols. One chip was used to hybridize each of the biological replicates in each 
treatment, making a total of 9 chips in the complete experiment. Image acquisition was 
performed with a GeneArray scanner (Agilent Technologies, Palo Alto, CA). 
 
Statistical analysis. 
 
After image acquisition, the libraries Affy (Gautier et al., 2004) AffyPLM (Irizarry et al., 
2003), and limma (Smyth, 2005) implemented in bioconductor software (Gentleman et al., 
2004), R language (TEAM, 2010), were used to extract the information from the CEL files. 
Using a customized script developed for this project (available upon request) boxplots for 
unnormalized data were printed as a first step in the quality control of the hybridization. 
Additionally, the normalized unscaled standard error (NUSE) procedure was used as a 
quality control measure. Raw and background intensity images (probe level model residuals 
PLM) of the chips were printed to check for quality and spatial heterogeneity inside and 
between the chips. Normalization was applied via Robust Multi-Array method (RMA) 
which uses a convolution background correction, quantile normalization and summarization 
(median polish) using a robust multi array linear model.  After normalization, expression 
files were extracted and printed to be used as an input for further analysis. 
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In the affymetrix rice genome chip, a probe set is defined as 12 different hybridization 
probes designed to be distributed along one unique mRNA. Therefore, twelve different 
lines of evidence point to one unique transcript out of the 57000 transcripts, which are 
detectable with this technology. Comparisons between probe sets in different treatments 
were based on t-tests, for which non-adjusted p-values and Benjamini-Hochberg FDR 
corrected p-values were generated. For that a linear model was fit according to a manually 
constructed design matrix. Once the tables containing information about expression, fold 
change, p-values and FDR corrected p-values were generated, a PERL script was written to 
perform a presence/absence call using the desired parameters through command line (script 
available upon request) (Wall et al., 2000). In our experiment the presence/absence call was 
performed on the basis of a Log2 Fold Change greater or lower than 1 (equivalent to fold 
change greater of lower than 2) and non-adjusted p-value of 0.05. Venn diagrams were 
printed using R-language. The list of the probe sets showed in the Venn diagrams were 
obtained using PERL scripts written for this purpose (scripts available upon request). 
 
Gene Ontology (GO) Analysis and Gene Set Enrichment Analysis (GSEA) 
 
The lists of probe sets mentioned previously were used to carry out a singular enrichment 
analysis (SEA) in AgriGO (a web-based tool and database to perform GO analysis, 
especially in agriculturally relevant species Du et al., 2010). The well annotated Gramene 
database (rice gramene locus) was used as a background for our list corresponding to Oryza 
sativa (japonica). At the same time, a fisher statistical test method with a Hochberg FDR 
correction was implemented. The significance level was set up to 0,05 and the minimum 
number of mapping entries was 5. 
 
Normalized expression files were used as an input to perform GSEA analysis at the Broad 
institute cluster, GenePattern (Subramanian et al., 2005). In this case, 17 gene sets were 
constructed manually looking into three different web databases.. Even though default 
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parameters were used for this analysis, real expression values, 1000 of phenotypic based 
permutations and no collapse for datasets were selected before every run. 
 
Real time PCR quantification and analysis of rice specific transcripts  
 
After the analysis of the microarray results, the nine cDNA amplified samples used for 
affimetrix hybridization were also subjected to quantitative PCR to carry out a confirmation 
test. Loci sequences of seventeen randomly selected probe sets, showing differential (up or 
down) regulation in the hybridization procedure, were obtained to design primers according 
to the conditions described by (Gutjahr et al., 2008). Primer 3 software was used to find 
primer pairs spanning at least one exon - exon boundary and in that way, controlling for 
genomic DNA contamination. FastStart Universal SYBR Green Master mix, primers and 
cDNA samples were dispensed with a TECAN robot in 384-wells plate avoiding liquid 
handling error. Fluorescence was quantified with a Prism 7900HT sequence detection 
system. PCR conditions and mix were adopted from Gutjahr et al. (2008). Transcription 
values were calculated and normalized based on the geometric mean of amplification of the 
nearly constitutively expressed gene Poliubiquitin (TIGR ID: LOC_Os06g46770 Angelard 
et al., (2010) using the software qBase-plus (Hellemans et al., 2007). One way ANOVAs 
were performed for the four loci presented in the figure 19 with treatment C2, D1 or NM as 
a factor. All the ANOVAs were significant, allowing us to perform a Tukey-Kramer HSD 
(honestly significance difference) test with an alpha level of 0.05. 
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Results 
 
Effect of isolates C2 and D1 in plant growth 
 
Twelve weeks after germination rice plants were harvested. No variation in terms of plant 
height or root system development was detected among or within the treatments and 
controls. Shoot dry weight was measured to gain knowledge about phenotypic differences 
between control and treatments. An analysis of variance was applied to the data and no 
significant effects for treatments were observed for this phenotypic variable (data not 
shown). This research was performed at the same time and in the same green houses and 
conditions of Angelard et al. (2010). As the measures of root colonization performed by 
Angelard et al., (2010) were positive for G. intraradices colonization, any further measure 
were took in our analysis. 
 
Rice genome array hybridization: Quality assessment and normalization. 
 
After the hibridization of the three replicates of each one of the three treatments in the 
corresponding 9 affy 57 arrays, a scanned image was obtained for all of them. As a first 
step in quality assesment, probe level model residual pseudoimages of the nine arrays used 
in this study were printed using affyPLM library (Irizary et al., 2003) and implemented in 
Bioconductor (Gentleman et al., 2004) (Figure 1). No potential artifacts or background 
gradients were detected. Since no technical problems were found, all the chips used for 
hybridization in our experiment were further analyzed The RNA degradation plot (figure 2) 
revealed a soft slope for all the chips involved in the analysis. Moreover, good agreement 
between arrays is shown by the paralel pattern followed by the mean intensity of the probe 
sets in direction 5’ - 3’. This probe level model emphasized the high quality of the 
hibridization procedure. 
 Figure 1: PLM Residual pseudoimage of Affymetrix rice genome arrays used in this study: Residuals of a probe 
level model are color-coded whereby positive residuals are shown in red and negative in blue. 
 
 
 
Figure 2: RNA degradation plot representing the chips used in this study: One line per chip is drawn according to the 
mean intensity of the probe along the cDNA. Blue: C2, Red:D1 and Green: NM. 
 
25 
 
Boxplots for unnormalized data reveal a means tendency of distribution around an 
expression value of 6. Maximum and minimum values do not differ in a significant way 
between different chips, indicating the good quality of the hybridization (Figure 3a). An 
essential condition to perform statistics test and comparisons within and among different 
arrays is the normalization of the data. After normalization using a Robust Multi Array 
procedure, the mean transcription value was set up around 4. Additionally, maximum and 
minimum values were assigned to 3 and 6 respectively (Figure 3b). The efficiency of the 
normalization procedure, revealed in the boxplots, ensures further comparisons using linear 
models and t-tests, which are based on a normal distribution of the data.  
 
a  b
Figure 3: Boxplots for unnormalized and  normalized transcription data: a. Unnormalized and b. Normalized data 
using a RMA procedure. 
 
Presence / Absense call  
 
A first approach to compare the variation between mycorrhizal and non-mycorrhizal 
treatments was carried out in the following way: a linear model was fit and two contrasts, 
between treatment C2 vs NM and D1 vs NM, were requested. Based on two characteristics: 
fold change values larger or lower than 2 (equivalent to Log2FC= ±1) and uncorrected p-
26 
 
27 
 
values lower than 0.05, the two lists were stringently filtered to the probe sets regulated 
upon rice colonization with isolates C2 and D1 respectively. In a total of 55927 probe sets 
only 527 were detected as differentially regulated in rice plants inoculated with isolate C2. 
Furthermore 1219 probe sets were detected as differentially regulated when rice plants were 
inoculated with the isolate D1, which corresponds to more than twice the variation found 
with isolate C2. In order to gain knowledge about the probe sets transcribed in common 
between both treatments (the probe sets differetially regulated by C2 and also by D1), a 
PERL script was written. Surprinsingly, only 292 probe sets were expresed in common 
between the two treatments compared with the control. Thus, 235 and 927 probe sets were 
detected exclusively under regulation of G. intraradices C2 and D1 respectively (Figure 
4a). 
 
Commonly regulated probe sets in rice plants inoculated with Glomus intraradices isolates 
C2 and D1. 
 
The 292 commonly regulated probe sets correspond to 250 downregulated and 41 
upregulated probe sets compared with the control treatment. Transcriptional changes were 
in opposite directions for only one probe set, that is OsAffx.11871.1.S1_s_at. This probe 
set was found in a differentially regulated fashion for both treatments (Figure 4b). Fold 
change values of this probe set in comparison with the control treatment were -2,04 (p-
val=0,01)and 2,98 (p-val=0,001) when plants were inoculated with the isolates C2 and D1 
respectively. This probe set corresponds to the locus LOC_Os02g03020 annotated as: EF-
hand Ca2+-binding protein CCD1, putative, expressed. CDD1 protein was originally 
described in wheat acting as a calcium binding protein highly induced by fungal elicitors 
(Takezawa, 2000). 
 
The lists of 250 down and 41 up regulated genes were screened manually looking for 
annotated and interesting probe sets. Tables 1 and 2 provide an overview of the annotated 
17 up and 83 downregulated probe sets commonly regulated by the isolates C2 and D1. The 
rest of the significant probesets were not annotated at the affymetrix database. Many 
chitinase encoding genes were down or upregulated. Many genes encoding peroxidases and 
pathogenesis related proteins (PR-10 and PR4b) were commonly downregulated by both 
isolates C2 and D1.  
 
b
a 
Figure 4: Venn diagrams representing the number of differentially regulated probe sets in two different 
comparisons C2 vs. NM and D1 vs. NM. a. Absolute variation b. Upregulated and downregulated probe 
sets. 
Table 1: Seventeen upregulated probe sets found to be commonly regulated in rice plants inoculated 
with Glomus intraradices C2 and D1 isolates 
Up
Os.22278.1.S1_at Phytoene synthase radicle isoform 
Os.11216.1.S1_at Alpha 1.4-glucan phosphorylase L isozyme
OsAf fx.26237.1.S1_at Wall-associated receptor kinase-like 3 precursor. putative
OsAf fx.16709.2.S1_s_at Plant disease resistance response protein 
Os.5319.1.S1_at Phosphoglucomutase putative
OsAf fx.21247.1.S1_at Nodulin-like protein
Os.11023.1.S2_a_at Phosphatase family domain containing protein
Os.22807.1.S1_at NBS-LRR disease resistance protein. putative.
Os.4166.1.S1_at ADP glucose pyrophosphorylase large subunit
OsAf fx.14656.1.S1_at Nodulin MtN3 family protein. putative. 
Os.14616.1.S1_at Chalcone and stilbene synthases
OsAf fx.32213.1.S1_s_at Photosystem I P700 chlorophyll a apoprotein A2. putative. 
Os.54050.1.S1_at Glycogen operon protein glgX. Putative
Os.7505.1.S1_at CLA1 transketolase-like protein (CLA1) 
Os.3122.1.S1_at ADP-glucose pyrophosphorylase small subunit 
Os.10600.1.S1_a_at Respiratory burst oxidase protein B (rbohB) mRNA
Os.9212.1.S1_at Granule binding starch synthase II precursor
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The transcription factor TF2 was also present in the list of downregulated probe sets. This 
gene belongs to the MYB superfamily of transcription factors, a group that has been 
reported controlling developmental processes, hormone and disease responses in plants (Du 
et al., 2009). Moreover, this superfamily has been selected for studying evolutionary 
patterns between monocotyledonous and dicotyledonous plants because of its conservation 
between Arabidopsis and rice genomes (Yanhui et al., 2006). Genes codifying for heat 
shock proteins, aquaporins and histone deacetilases were represented by downregulated 
probe sets in the analysis. 
  
In order to facilitate the visualization of transcription differences in the 292 commonly 
regulated probe sets, a heatmap, also known as Eisen plot, was constructed (Figure 5). No 
dendrograms were generated because the groups of probe sets were previously selected 
based on their expression in two groups, namely mycorrhizal and non-mycorrhizal 
treatments.  
 
 
Table 2: 83 downregulated probe sets found to be commonly regulated in rice plants inoculated with 
Glomus intraradices C2 and D1 isolates. 
Probeset TIGR funtion Probeset TIGR funtion Probeset TIGR funtion
Os.15894.1.A2_at Putative peroxidase Os.25167.1.S1_a_at F-box protein family putative Os.3415.1.S1_at CHIT14 - Chitinase family protein precursor
OsAffx.25216.1.S1_x_at
Ulp1 protease family. C-
terminal catalytic 
domain containing 
protein
Os.51275.1.S1_at Legume lectins beta domaincontaining protein Os.14372.1.S1_at
Glutathione S-transferase. 
putative
OsAffx.32060.1.S1_s_at Pathogenesis-relatedprotein PR-10a Os.49577.1.S1_at
Membrane attack complex
component. Perforin. 
Complement C9.
Os.21932.1.S1_at NAM (no apical meristem) protein putative
Os.17271.1.S1_at Citrate-binding proteinprecursor Os.55550.1.S1_at
Transcription factor TF2. 
putative. Os.35448.1.S1_at
Thioredoxin. putative. 
expressed
Os.14256.1.S1_a_at Aquaporin protein. putative. expressed OsAffx.32170.1.S1_at Thaumatin-like protein TLP7 Os.18664.1.S1_a_at
Putative glucan endo-1.3-
beta-D-glucosidase 
Os.10606.3.S1_at
Drought induced 19 
protein. putative. 
expressed
Os.26687.1.S1_at Malate synthase. glyoxysomal. putative. expressed Os.22086.1.S1_at Peroxidase (POX22.3) 
Os.30746.1.S1_at Cytochrome P450 Os.6620.1.S1_at PIII1 - Proteinase inhibitor II family protein precursor Os.7947.1.S1_x_at Glucanase (GLU)
Os.2416.1.S1_a_at Beta 1.3-glucanase Os.33722.1.S1_at Putative f lavonolglucosyltransferase Os.28036.1.S1_at
Hsp20. Alpha crystallin
family protein.
Os.54498.1.S1_at Leucine Rich Repeat family protein OsAffx.2516.1.S1_at Receptor protein kinase Os.47474.1.S1_x_at
Heat shock protein DnaJ. 
putative
Os.6776.1.S1_at Glucan endo-1.3-beta-glucosidase precursor Os.20204.2.S1_a_at Histone deacetylase HDAC3 Os.55730.1.S1_at
polygalacturonase inhibitor
precursor. Putative
expressed
OsAffx.3305.1.S1_at OsRhmbd8 - PutativeRhomboid homologue Os.20289.1.S1_at
Pathogenesis-related protein 4b 
(PR-4b) Os.33762.1.S1_at
Amino acid permease family
protein. putative
Os.35123.1.S1_at Peroxidase putative Os.49615.1.S1_at Pathogenesis-relatedthaumatin-like protein OsAffx.22303.1.S1_at
Beta-expansin precursor. 
putative
Os.2692.1.S1_x_at Chitinase class I Os.22000.1.S1_at Chitinase class I Os.55089.1.S1_at Harpin-induced protein 1 domain 
Os.11546.1.S1_at Peroxidase precursor. putative. Os.14366.1.S1_at Phosphate-induced protein 1 Os.9421.1.S1_at
Type-1 pathogenesis-related 
protein putative
OsAffx.19366.1.S1_at Calmodulin bindingprotein Os.34191.1.S1_at Putative adenosine deaminase Os.23187.1.S1_at
O-methyltransferase. 
putative. expressed
Os.10091.1.S1_at Long cell-linked locus protein Os.27192.1.S1_x_at
Transmembrane amino acid
transporter protein. putative. Os.34624.2.S1_s_at Folic acid binding protein
Os.18714.1.S1_a_at
Putative nodulin-like
protein
(OSJNBa0082N11.14)
Os.21776.1.S1_at Diterpene cyclase Os.17338.1.S1_at D-mannose binding lectin family protein
Os.51008.1.S1_at
Harpin-induced protein 
1 domain containing 
protein
Os.17259.1.S1_at Putative amino acid permease 6 Os.5086.1.S1_at Phosphate transporter (PT1) 
Os.10166.1.S1_at Chia4a mRNA forchitinase Os.30173.1.S1_at
ABA-induced plasma 
membrane protein putative Os.20260.1.S1_at Putative peroxidase 
OsAffx.26836.2.S1_at Aquaporin protein Os.3415.1.S1_s_at Chitinase Os.50867.1.S1_at Senescence-associated protein. putative. expressed 
Os.51172.1.S1_x_at CHIT7 - Chitinasefamily protein precursor Os.51147.1.S1_at
Cysteine-rich repeat secretory
protein 55 precursor. putative. Os.35752.2.S1_x_at
NB-ARC domain containing 
protein
Os.53485.1.S1_at Lactose permease-related. putative Os.2321.1.S1_at
Germin-like protein 2 precursor 
(RGLP2) Os.17158.1.S1_at
Putative high-af f inity 
potassium transporter
Os.28514.1.S1_at Calmodulin-bindingprotein Os.18511.1.S1_at
Hsp20 - Alpha crystallin family 
protein. putative Os.7314.1.S1_at
Putative Glucan 1.3-beta-
glucosidase precursor 
Os.2237.1.S1_at Peroxidase (POX8.1) Os.39066.2.S1_at 1.4-beta-glucanase Os.18562.1.S1_at Putative beta-galactosidase 
Os.1978.1.S1_at OsRLK8 receptor serinethreonine kinase Os.459.1.S1_at
Pathogenesis-related
thaumatin-like protein Os.11437.1.S1_at
Periplasmic beta-glucosidase 
precursor
Os.27271.1.S1_a_at
Cysteine-rich receptor-
like protein kinase. 
putative
OsAffx.32171.3.S1_at Thaumatin. putative. expressed Os.7935.1.S1_at Alcohol dehydrogenase-like protein
Os.36473.1.S1_at Beta-1.3 glucanase-likeprotein Os.172.1.S1_a_at Chitinase. Os.53952.1.S1_at
Chalcone synthase. putative. 
expressed 
Os.28214.2.S1_x_at Aquaporin protein. Os.38984.1.S1_at H+-pyrophosphatase
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Figure 5: Heatmap for 292 probe sets commonly regulated in rice plants inoculated with Glomus 
intraradices isolates C2 and D1. Colors represent expression levels, Red as the highest and blue as the 
lowest. White represents the mean value. 
Gene ontology analysis for commonly regulated probe sets 
 
Gene ontology (GO) analysis has recently been proposed as a strategy to gain knowledge 
about patterns in previously filtered lists of probe sets. Using the annotation of the gramene 
project database (Liang et al., 2008; www.gramene.org), the web-based tool agriGO 
provides a series of graphics and tables with the gene ontology terms present in the list of 
interest. Those graphics are normally separated into biological processes, molecular 
function and cellular components. The list of 292 probe sets was subject to GO analysis 
and, as an example; a fragment of the Molecular function graph is shown in Figure 6. 
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Figure 6: Fragment of the graphic representation result obtained in GO analysis. This figure is based on 
the molecular function annotation at gramene database, colors represent benjamini-hochberg corrected p-
values (also known as False Discovery Rate FDR p-values) corresponding to 1x the number in the scale. 
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As a rule of thumb, the most interesting terms are located at the bottom of the graph (Zhou 
et al., 2010). In the last example three highly significant terms can be highlighted, chitinase 
activity, transferase activity and nucleotidyltransferase activity. In order to present a more 
inclusive view of the results, all the GO terms at the bottom of the categories “biological 
process”, “molecular function” and “cellular component” are shown in the Table 3. 
Table 3: Significant GO terms obtained with the list of commonly regulated probe sets.  Significance 
level was set up to 0.05. 
GO ID Term Query item Background item FDR p-value
Biological Process 243 41321
GO:0016998 cell wall macromolecule catabolic process 7 21 2.6e-10
GO:0051707 response to other organism 8 39 4.8e-10
GO:0005985 sucrose metabolic process 5 10 7,00E-09
GO:0006032 chitin catabolic process 5 21 3.7e-07
GO:0009250 glucan biosynthetic process 5 26 9.6e-07
GO:0005982 starch metabolic process 5 34 3.4e-06
GO:0009628 response to abiotic stimulus 5 41 7.9e-06
GO:0042221 response to chemical stimulus 7 133 2.7e-05
GO:0006952 defense response 5 59 4.1e-05
GO:0006259 DNA metabolic process 7 277 0.0019
GO:0060255 regulation of  macromolecule metabolic process 5 326 0.048
GO:0019219 regulation of  nucleobase, nucleoside, nucleotide and nucleic acid metabolic process 5 323 0.048
Molecular Funtion 243 41321
GO:0008270 zinc ion binding 13 89 5.9e-14
GO:0016758 transferase activity, transferring hexosyl groups 7 30 1.7e-09
GO:0020037 heme binding 5 10 4.5e-09
GO:0004568 chitinase activity 5 21 2.1e-07
GO:0016779 nucleotidyltransferase activity 6 165 0.0006
GO:0003676 nucleic acid binding 8 596 0.029
Cellular Component 243 41321
GO:0009507 chloroplast 7 8 3.9e-14
GO:0005739 mitochondrion 35 10525 1
 
Important patterns are drawn by the GO analysis, for example two important terms related 
with carbon metabolism; namely sucrose metabolic processes and starch metabolic 
processes, were highly significant using the list of commonly regulated probe sets. At the 
same time some chitinase activity probe sets were, once again, found under regulation of 
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the symbionts. Eight different probe sets were grouped in the term “nucleic acid binding”, 
surprisingly more transcription factors, not detected with the first approach, were 
discovered using GO analysis. Transcription factor HY5 is represented by the probe set 
Os.8561.1.S1_at, which corresponds to locus LOC_Os02g10860. HY5 transcription factor 
acts downstream of multiple families of photoreceptors and promotes photomorphogenesis 
(Lee et al., 2007). Moreover, HY5 transcription factor is a convergent point between 
cryptocrome regulation and citokinin homone signaling in Arabidopsis (Vandenbussche et 
al., 2007). This transcription factor was downregulated by both isolates, fold change values 
were -2.43 and -2.04 for isolates C2 and D1 respectively.     
 
G. intraradices isolate C2 exclusively regulated rice probe sets. 
 
Using the list of 235 probe sets, exclusively detected when rice plants were inoculated with 
G intraradices isolate C2, a GO analysis was performed as described above. Table 4 shows 
categories as signal pathways and signal transduction cascades, represented by several GO 
terms as “serine/threonine kinase” activity and “signal transduction”.  Amino acid 
metabolism and lipid metabolic processes were also terms not found in the list of common 
probe sets. Several probe sets belong to nucleus GO term in the cellular component 
category, therefore, this GO term is found to be exclusively regulated by isolate C2. Iron 
ion binding and heme binding are found not only in commonly regulated but also in 
exclusively regulated probe sets, emphasizing the potential importance of these compounds 
for the symbiosis. Finally, the GO terms hydrolase activity and hydrolyzing O-glycosil 
compounds includes enzymes in charge of a variety of functions as chitinase activity. 
Table 4: Significant GO terms obtained with the list of C2 exclusively regulated probe sets.  Significance 
level was set up to 0.05. 
GO ID Term Query item Background item FDR p-value
Biological Process 218 41321
GO:0042398 cellular amino acid derivative biosynthetic process 5 7 3.9e-10
GO:0006725 cellular aromatic compound metabolic process 6 26 1.5e-08
GO:0006520 cellular amino acid metabolic process 7 48 2.2e-08
GO:0005976 polysaccharide metabolic process 7 57 7.3e-08
GO:0046394 carboxylic acid biosynthetic process 6 36 1,00E-07
GO:0046483 heterocycle metabolic process 5 34 2.3e-06
GO:0032787 monocarboxylic acid metabolic process 5 38 3.9e-06
GO:0006629 lipid metabolic process 5 81 0.00013
GO:0007165 signal transduction 5 106 0.00044
GO:0009057 macromolecule catabolic process 5 174 0.0032
GO:0045449 regulation of transcription 6 321 0.0087
GO:0006468 protein amino acid phosphorylation 5 230 0.0087
GO:0006259 DNA metabolic process 5 277 0.017
Molecular Funtion 218 41321
GO:0005506 iron ion binding 5 23 4.3e-07
GO:0004553 hydrolase activity, hydrolyzing O-glycosyl compounds 6 85 1.8e-05
GO:0022804 active transmembrane transporter activity 5 56 2.7e-05
GO:0004674 protein serine/threonine kinase activity 5 204 0.0073
GO:0003677 DNA binding 7 441 0.013
GO:0032555 purine ribonucleotide binding 7 498 0.022
GO:0030554 adenyl nucleotide binding 6 467 0.044
Cellular Component 218 41321
GO:0016021 integral to membrane 8 24 5.8e-12
GO:0005829 cytosol 5 14 6.7e-08
GO:0005634 nucleus 13 337 3,00E-07
GO:0044446 intracellular organelle part 5 126 0.0021
 
 
D1 exclusively regulated rice probe sets. 
 
Membrane associated proteins and processes were more frequently present in the list of 927 
probe sets exclusively induced by D1. In comparison with the list of C2 probe sets, the D1 
list matched some new terms as glucose metabolic processes, cellular carbohydrate 
metabolic processes, hormone-mediated signal pathway and cellular glucan metabolic 
processes. Signal transduction pathways and oxidative responses appear to be 
overrepresented by the probe sets exclusively induced by the isolate D1 (Table 5). Substrate 
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specific transmembrane transporter activity was a GO term detected which included four 
probe sets to mention: Firstly, two upregulated potassium related transporters (Potassium 
channel AKT2/3, fold change of 2.44, Os.13562.1.S1_at, LOC_Os05g35410 and Calcium-
activated outward-rectifying potassium channel 1, fold change 4.11, Os.29959.1.S1_at, 
LOC_Os07g01810). Secondly, two amino acid transporters are downregulated (Amino 
acid-polyamine transporter, fold change -2.02, Os.36162.1.S1_s_at, LOC_Os01g61044 and 
Purine permease 3 ATPUP3, fold change 2.01, Os.32298.1.S1_at, LOC_Os03g08880).  
 
Table 5: Significant GO terms obtained with the list of D1 regulated probe sets.  Significance level was 
set up to 0.05. 
GO ID Term Query item Background item FDR p-value
Biological Process 812 41321
GO:0032787 monocarboxylic acid metabolic process 11 38 3.6e-10
GO:0008652 cellular amino acid biosynthetic process 7 17 3.4e-08
GO:0015672 monovalent inorganic cation transport 6 15 4.2e-07
GO:0006468 protein amino acid phosphorylation 17 230 6.8e-06
GO:0006006 glucose metabolic process 5 17 2.2e-05
GO:0034637 cellular carbohydrate biosynthetic process 6 29 2.7e-05
GO:0070647 protein modification by small protein conjugation or removal 5 18 2.9e-05
GO:0000160 two-component signal transduction system (phosphorelay) 5 24 0.00013
GO:0006355 regulation of transcription, DNA-dependent 12 164 0.00015
GO:0044248 cellular catabolic process 7 59 0.00021
GO:0009755 hormone-mediated signaling pathway 6 42 0.00021
GO:0006073 cellular glucan metabolic process 5 36 0.00079
Molecular Funtion 812 41321
GO:0005506 iron ion binding 22 23 7.3e-36
GO:0008270 zinc ion binding 25 89 5.6e-21
GO:0003700 transcription factor activity 18 116 7.4e-11
GO:0043565 sequence-specif ic DNA binding 6 8 4.5e-09
GO:0016791 phosphatase activity 6 16 9,00E-07
GO:0004674 protein serine/threonine kinase activity 17 204 1.8e-06
GO:0016758 transferase activity, transferring hexosyl groups 7 30 3.2e-06
GO:0016616 oxidoreductase activity, acting on the CH-OH group of donors, NAD or NADP as acceptor 9 72 2.4e-05
GO:0004553 hydrolase activity, hydrolyzing O-glycosyl compounds 7 85 0.0023
GO:0022891 substrate-specif ic transmembrane transporter activity 6 79 0.0069
GO:0004601 peroxidase activity 5 68 0.014
GO:0008237 metallopeptidase activity 5 71 0.015
GO:0004175 endopeptidase activity 10 225 0.017
GO:0005524 ATP binding 16 465 0.026
GO:0008236 serine-type peptidase activity 6 133 0.049
Cellular Component 812 41321
GO:0070013 intracellular organelle lumen 16 18 4.5e-25
GO:0005634 nucleus 42 337 5.1e-20
GO:0016021 integral to membrane 15 24 1.2e-19
GO:0044435 plastid part 10 14 2.4e-14
GO:0005856 cytoskeleton 5 24 0.00019
GO:0031967 organelle envelope 5 59 0.011  
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Direct contrast between rice transcription profiles when inoculated with isolates C2 and 
D1 
 
The direct comparison and the GO term analysis showed above, revealed differences in the 
transcription profiles of rice plants when they were inoculated with different isolates of G. 
intraradices. However, all the results shown above are based on indirect comparisons 
against the control treatment (uninoculated plants). Due to the differences in transcription 
of probe sets related with starch biosynthesis, defense response and transcription factors, a 
direct contrast between transcription profiles of rice plants inoculated with C2 and D1 was 
undertaken in order to explore in detail different gene transcription profiles caused by 
genetically different isolates of G. intraradices.  
 
A total of 555 probe sets passed a filtering criteria (fold change greater or lower than 2 and 
a non-adjusted p-value of 0.05) when a direct comparison among the isolates C2 and D1 
was applied. A PERL script designed for this study was applied in order to remove probe 
sets detected with the indirect comparison. As a result, 335 probe sets were removed and 
only 220 probe sets were exclusively detected using the direct comparison. This list was 
manually screened to look for annotated probe sets. Tables 6 and 7 show probe sets with 
higher transcription values when plants were inoculated with isolate C2 (66 probe sets) or 
D1 (32 probe sets), respectively. As in the direct comparisons no control treatment was 
included, some difficulties determining the effect of the treatments were faced. For 
example, a specific probe set could have higher transcription values because of the 
upregulation caused by C2 or, in the other hand, the downregulation caused by isolate D1. 
Then, data will be presented as probe sets with higher values in isolate C2 treatment (Table 
6) or D1 treatment (Table 7). 
 
In the indirect comparison, Nodulin MtN3 family proteins were reported upregulated by 
both mycorrhizal isolates. The direct comparison allowed us to detect other probe sets of 
the same family with higher transcription values in rice plants inoculated with isolate D1 
exclusively. 
 
Several LRR receptors probe sets, as OsAffx.31194.1.S1_at, OsAffx.18717.1.S1_at and 
Os.52155.1.S1_at, and receptor-like kinase proteins, Os.54016.1.S1_at and 
Os.17047.1.A1_at were differentially expressed by both isolates. The last probe set 
corresponds to LRK1 (LOC_Os07g18230). LRK1 has been recently reported as a locus 
responsible of quantitative yield components like number of panicles, spikelets per panicle 
and weight per grain (Zha et al., 2009). 
  
Table 6: 66 Probe sets showing higher transcription values in rice plants inoculated with G. intraradices 
isolate C2. 
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Probeset TIGR Funtion Probeset TIGR Funtion
Os.37330.1.S1_at Auxin transport protein-like Os.4717.1.S1_at Nitrate reductase. putative
Os.10926.1.S1_at CESA6 - cellulose synthase Os.54146.1.S1_at Nitrate reductase
Os.6763.1.S1_x_at Heavy metal-associated domain containing protein OsAffx.26522.1.S1_at RNA polymerase Rpb1
Os.18390.1.S1_a_at Transcription factor 1 (TF1) Os.24515.1.S1_at Nodulin-like protein
Os.8916.1.S1_at Nucleobase-ascorbate transporter Os.49093.1.S1_at Nrt2 mRNA for high af f inity nitrate transporter
Os.11231.1.S1_at Basic helix-loop-helix domain containing protein Os.12293.4.S1_x_at Alpha-amylase putative
OsAf fx.13553.1.S1_at DNA binding protein putative Os.54147.1.S1_at Metal transporter Nramp6. putative
OsAffx.7355.1.S1_at Jacalin-like lectin domain Os.54904.1.S1_at Ethylene-responsive protein related. putative
OsAffx.27204.1.S1_x_at Ferredoxin (2Fe-2S) root Os.49093.2.S1_x_at Nrt2 mRNA for high af f inity nitrate transporter
Os.9874.1.S1_s_at AP2 domain containing protein Os.36593.1.S1_at CHIT10 - Chitinase family protein precursor
Os.10125.1.S1_a_at Fatty acid desaturase putative Os.39505.1.S1_at Caleosin related protein. putative
Os.36709.1.S1_x_at Heavy metal-associated domain containing protein Os.18407.1.S1_at Chloroplast channel forming outer membrane protein. putative
Os.5179.1.A1_at Monooxygenase activity Os.2260.1.S1_at Cysteine synthase (rcs4) 
OsAf fx.18717.1.S1_at Leucine Rich Repeat. putative Os.7177.2.S1_a_at EREBP-like protein (tsh1)
Os.24261.2.S1_at Ubiquitin ligase complex Os.55689.1.S1_x_at CRR2. putative
Os.27483.1.S1_at Cupin domain containing protein. Os.9945.1.S1_at OsIAA12 - Auxin-responsive Aux/IAA gene family member
OsAf fx.32164.1.S1_at Cysteine synthase (ec 2.5.1.47) OsAffx.16932.1.S1_at NAC domain protein NAC1
Os.56824.1.S1_at Phytosulfokine receptor precursor. putative Os.7649.1.S1_at Heavy-metal-associated domain-containing protein. putative
Os.12866.1.S1_at pyrophosphate--f ructose 6-phosphate 1-phosphotransferase subunit alpha. Putative Os.141.1.S1_at Ferredoxin-NADP+ reductase
Os.9331.1.S1_at STE_MEK_ste7_MAP2K.5 Os.321.1.S1_at Root ferredoxin
Os.15877.2.A1_at Cytosolic 6-phosphogluconate dehydrogenase (6PGDH2) Os.54631.1.A1_at Anthocyanidin 3-O-glucosyltransferase
Os.5940.1.S1_at NPK1-related protein kinase-like protein Os.9709.2.S1_at CSLF6 - cellulose synthase-like family F; beta1.3;1.4 glucan synthase
Os.27786.1.S1_at RING f inger and CHY zinc f inger domain-containing protein 1. putative Os.54867.1.S1_at Tyrosine protein kinase domain containing protein
Os.15633.1.S1_at Phytochelatin synthetase putative Os.170.3.S1_at Chitinase 
Os.46461.1.A1_x_at AP2 domain containing protein. Os.27320.1.S1_at Exo70 exocyst complex subunit. putative
Os.51298.1.S1_at Oxidoreductase. 2OG-Fe oxygenase family protein Os.8805.1.S1_at Phosphoenolpyruvate carboxykinase
Os.27297.2.S1_a_at SHR5-receptor-like kinase. putative Os.37969.2.S1_at Ankyrin-kinase -like protein
OsAf fx.11946.1.S1_at Similar to isoleucyl-trna synthetase OsAffx.27283.2.S1_at Helix-loop-helix DNA-binding domain putative 
Os.12821.1.S1_at Core histone H2A/H2B/H3/H4 domain containing protein. putative. Os.6847.1.S1_at
Glucose-6-phosphate 1-dehydrogenase. chloroplast 
precursor. putative. 
OsAf fx.31194.1.S1_at Leucine Rich Repeat. putative Os.50593.1.S1_at B3 DNA binding domain containing protein
Os.8266.1.A1_at Allene oxide synthase. Os.53753.1.S1_at Receptor-like protein kinase At3g46290 precursor. putative
Os.52471.1.S1_at F-box domain containing protein Os.24902.1.S1_at Membrane-associated salt-inducible protein putative
Os.55674.1.S1_at Proline-rich protein Os.5614.1.S1_at Potasium transporter (HAK10 gene) putative  
Nitrate transport and metabolism was a category represented by four different probe sets in 
Table 6. Transcription of amino acid transporters was reduced when plants were inoculated 
with isolates C2 and especially D1. However, nitrate transport was upregulated when plants 
were associated with isolate C2 in comparison with D1 suggesting that the symbiosis 
between rice and C2 could affect nitrogen transport. Genes involved in plant hormonal 
responses were also affected by the genetic differences of the isolates involved in the study. 
Whereas gibberellins response factors have higher expression values in D1 treatment, auxin 
receptors are present in C2 treatment (Tables 6 and 7). 
Table 7: 32 Probe sets showing higher expression values in rice plants inoculated with G. intraradices 
isolate D1 
Probeset TIGR Funtion
Os.54936.1.S1_at Gibberellin receptor GID1L2. putative.
Os.11250.1.S1_at HSF-type DNA-binding domain containing protein
Os.10055.2.S1_at CK1 CaseinKinase 1.1
Os.12096.4.S1_s_at Ferritin 
Os.50228.1.S1_at Legume lectins beta domain containing protein
OsAffx.28166.1.S1_s_at DEAD-box protein
Os.1715.1.S1_at OsRhmbd3 - Putative
Os.15877.1.S1_at Cytosolic 6-phosphogluconate dehydrogenase (6PGDH2)
Os.28531.1.S1_at Chitinase putative
OsAf fx.29072.1.S1_at Terpene synthase family
Os.17316.1.S1_at Naringenin.2-oxoglutarate 3-dioxygenase. putative.
Os.54016.1.S1_at Protein kinase family protein. putative
Os.11557.1.S1_at Peroxidase precursor. putative
Os.11962.2.A1_at Glutathione S-transferase OsGSTU17 putative
Os.17520.1.S1_at Dihydrof lavonol-4-reductase. putative
Os.52155.1.S1_at F-box/LRR-repeat protein 14. putative
Os.8786.3.S1_at Protein serine/threonine kinase 
Os.46572.2.S1_x_at Disease resistance protein putative
Os.6854.1.S1_at Rhodanese-like domain containing protein. putative
Os.17419.1.S1_at EF hand family protein. putative.
Os.17047.1.A1_at Receptor-type protein kinase LRK1 (imported) 
Os.16044.1.S1_at Nodulin MtN3 family protein. putative.
OsAf fx.22504.1.S1_at Protein kinase domain. putative 
Os.7985.1.S1_at Omega-3 fatty acid desaturase
Os.11682.1.S1_at Diphosphonucleotide phosphatase -like protein
Os.12750.1.S1_x_at MADS15 protein 
OsAffx.26199.1.S1_x_at Kinesin motor domain
Os.22710.2.S1_x_at Acyl-CoA synthetase putative 
Os.32947.2.S1_at Cytochrome P450 putative
Os.11722.3.S1_at Cytosolic tRNA-Ala synthetase putative
Os.53373.1.S1_at NB-ARC domain containing protein
Os.29008.1.S1_at Lycopersicon esculentum resistance complex protein I2C-2 like protein
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Figure 7: Heatmap for 98 probe sets differentially regulated in rice plants inoculated with G. 
intraradices isolates C2 and D1. Colors represent transcription levels; red as the highest and blue as the 
lowest, white represents the mean value 
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In order to facilitate the visualization of the fold change values in the 98 differentially 
regulated probe sets a heatmap was constructed (Figure 7). No dendrograms were generated 
because the groups of probe sets were previously selected for their expression in two 
groups, specifically treatments with C2 and D1 G. intraradices treatments. 
 
Using the full list of 555 probe sets detected with the filtering criteria in the direct 
comparison, GO analysis was implemented to detect patterns or interesting terms. GO 
terms that were not detected before, were discovered using this approach (Table 8). For 
example, post-embryonic development term is represented by 5 probe sets, including a 
Helix-Loop-Helix domain DNA binding protein with similarity to the Arabidopsis 
SPATULA transcription factor. This family of transcription factors control cell 
proliferation processes in several organs including flowers and roots (Heisler et al., 2001). 
In this case, fold change values depict a repression of gene transcription when plants were 
inoculated with D1 isolate. 
 
Gene set enrichment analysis 
 
An emerging approach to analyze microarray experiments, avoiding the use of arbitrary 
cut-off values to generate lists of overtranscribed probe sets, is called gene set enrichment 
analysis (GSEA, Subramanian et al., 2005). This approach relies on previous knowledge 
about genes of interest in the study. For example, if researches are interested in testing a 
hypothesis about starch biosynthesis gene overtranscription, they have to know which 
genes are present in the metabolic pathway of starch biosynthesis. Once they have collected 
this data, it is possible to perform a statistically based screening of the expression values to 
support or reject the hypothesis. This methodology is not only remarkable for the lack of 
arbitrary filtering values, but also because it takes into account the biological concept of 
“groups of genes regulated in the same fashion”, something that is not considered by the 
False Discovery Rate FDR t-test- approach. GSEA presents additional advantages over 
approaches as SAM, for example i.GSEA does not use using arbitrary cut-off values to 
establish the number of overexpressed probe sets and ii. GSEA do not use phenotypic 
measurements to perform the association between the transcription values and the 
responsible variable.  
Table 8: Significant GO terms obtained with the list of 555 differentially regulated probe sets when a 
direct contrast was applied.  Significance level was set up to 0.05 
GO ID GO Term Query item
Background 
item FDR p-value
Biological Process 480 41321
GO:0006631 fatty acid metabolic process 5 8 2.4e-08
GO:0006575 cellular amino acid derivative metabolic process 6 18 8,00E-08
GO:0051186 cofactor metabolic process 6 18 8,00E-08
GO:0046394 carboxylic acid biosynthetic process 7 36 3,00E-07
GO:0006006 glucose metabolic process 5 17 1.8e-06
GO:0008610 lipid biosynthetic process 6 41 1.1e-05
GO:0007242 intracellular signaling cascade 7 68 2.1e-05
GO:0006355 regulation of transcription, DNA-dependent 10 164 3.6e-05
GO:0009791 post-embryonic development 5 37 8.5e-05
GO:0006508 proteolysis 8 126 0.00015
GO:0048856 anatomical structure development 5 51 0.00037
GO:0006468 protein amino acid phosphorylation 10 230 0.00049
GO:0006812 cation transport 5 65 0.0011
GO:0006412 translation 5 86 0.0037
GO:0009725 response to hormone stimulus 5 105 0.0084
Molecular Funtion 480 41321
GO:0005506 iron ion binding 20 23 4.8e-35
GO:0043565 sequence-specific DNA binding 5 8 4.2e-08
GO:0003700 transcription factor activity 10 116 3,00E-06
GO:0046983 protein dimerization activity 5 19 4.8e-06
GO:0004674 protein serine/threonine kinase activity 11 204 6.3e-05
GO:0017111 nucleoside-triphosphatase activity 5 36 8.7e-05
GO:0022892 substrate-specific transporter activity 6 85 0.00069
GO:0008270 zinc ion binding 6 89 0.00085
GO:0016788 hydrolase activity, acting on ester bonds 5 67 0.0015
GO:0016616 oxidoreductase activity, acting on the CH-OH group of donors, NAD or NADP as acceptor 5 72 0.002
GO:0005524 ATP binding 13 465 0.0043
GO:0022857 transmembrane transporter activity 5 95 0.0056
GO:0004175 endopeptidase activity 7 225 0.018
Cellular Component 480 41321
GO:0016021 integral to membrane 14 24 2.9e-20
GO:0005634 nucleus 32 337 3.7e-18
GO:0070013 intracellular organelle lumen 9 18 5.6e-13
GO:0043232 intracellular non-membrane-bounded organelle 8 86 1.8e-05
GO:0031090 organelle membrane 7 63 1.9e-05
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One of the principal drawbacks faced by GSEA analysis is the lack of previously reported 
gene sets and sometimes the lack of knowledge about the genes involved in certain 
metabolic pathways. In this study, gene sets were manually constructed using as proxy 
three different sources: gramene database (www.gramene.org), rice chip annotation site 
(www.ricechip.org), and manual screening in the literature. Seventeen different gene sets 
are presented in Table 9.  
Table 9: Gene sets constructed manually for this study. Available upon request. 
Geneset name
Number of 
Probesets
included
Source
Previously reported genes 38
Gutjahr et al 2008, Zhu et al 2006, 
Guimil et al 2005
Clavata Ser/thr kinases 23 www.ricechip.org
Cellulose Biosynthesis 50 www.gramene.org
Ethilene Biosynthesis 37 www.gramene.org
Flavonoid Biosynthesis 25 www.gramene.org
IAA Biosynthesis 43 www.gramene.org
Citokinin Biosynthesis 83 www.gramene.org
GRAS transcription factor 64 www.ricechip.org
Aminoacid transporters 60 www.gramene.org
Phosphat transporters 28 www.ricechip.org
Scarecrow transcription 
factors 11 www.ricechip.org
Starch Biosynthesis 54 www.gramene.org
Starch Degradation 74 www.gramene.org
Chitinases 27 www.ricechip.org
Amonium transporters 17 www.ricechip.org
Jasmonic acid biosynthesis 55 www.gramene.org
Strigolactone biosynthesis 7 Beveridge and Kyozuka 2010, Gomez-Roldan 2008, Umehara 2008.
 
The group of gene sets constructed includes, for example, genes discovered and 
characterized in different studies, as PT11, AM1, Castor, Pollux (Charpentier et al., 2008) 
and 34 more genes (Parniske, 2008; Gujahr et al., 2008; Oldroyd et al., 2009). Based on the 
results shown above, starch biosynthesis and starch degradation gene sets were assembled. 
43 
 
To gain information about nitrogen transport, ammonium transporters and amino acid 
transporters were also included as gene sets. Strigolactones, a new class of plant hormones 
(Gomez-Roldan et al., 2008), are reported acting as a diffusible signal in the rhizosphere to 
attract symbiotic fungi (Umehara et al., 2008). A recently proposed pathway for 
strigolactone biosynthesis was used (Beveridge and Kyozuka, 2010). 
 
GSEA: comparing mycorrhizal and non-mycorrhizal treatments. 
 
Initially, both mycorrhizal treatments were used together to be compared against the control 
treatment. Table 10 summarizes four differentially transcribed gene sets, two upregulated 
and two downregulated, when plants formed symbioses with G. intraradices isolates C2 
and D1, respectively. As a rule of thumb, FDR corrected p-values lower than 0.25 are 
considered significant. Groups of genes in charge of synthesizing starch (using fructose-6-
phosphate as a starting substrate) were greatly upregulated when an arbuscular mycorrhizal 
fungus formed symbioses with plants. This result was confirmed when treatments were 
compared independently against the control. It is important to mention that at least one 
significant probe set was found in every step of the metabolic pathway. As mentioned 
before, amino acid transporters were detected in a downregulated pattern using different 
approaches as manual screening and GO analysis. A graphical representation for amino 
acids gene set is shown in Figure 8. 
Table 10: GSEA results for comparison between mycorrhizal (C2 plus D1) and non-mycorrhizal 
treatments  
Gene sets enriched in Mycorrhizal treatment (C2 and D1)
Gene set Size ES NES NOM p-val FDR p-val
Starch Biosynthesis 54 0.52 1.48 0.044 0.171
Citokinin Biosynthesis 83 0.39 1.36 0.093 0.247
Gene sets enriched in Non-mycorrhizal treatment (Control)
Gene set Size ES NES NOM p-val FDR p-val
Aminoacid transporters 60 -0.48 -1.50 0.032 0.195
Chitinases 27 -0.74 -1.48 0.020 0.135
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 Figure 9 represents the transcription values for significant probe sets in the gene set 
“Chitinases”. Control treatment possessed higher expression values than mycorrhizal 
treatments for 14 probe sets. This result was also corroborated with results when isolates 
D1 and C2 where compared separately with the control. 
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Figure 8: Graphical representation of GSEA results for amino acid transporters gene set. In the 
heatmap, colors represent expression levels, red as the highest and blue as the lowest, white represents the 
mean value. The enrichment plot depicts how the enrichment score increases in the right part of the graph, 
when the running-sum becomes higher for the control. 
 
GSEA: comparing the effect of isolate C2 and non mycorrhizal treatments. 
 
Genes involved in the symbiosis previously reported by other studies (Charpentier et al., 
2008; Parniske, 2008; Gujahr et al., 2008; Oldroyd et al., 2009) were not easily detected in 
our approach using a presence/absence call. However, GSEA analysis facilitates the 
identification of previously reported genes also overtranscribed in our study. In the case of 
C2 vs. non mycorrhizal treatment 14 out of 38 probe sets involved in the analysis were 
significantly upregulated (Table 11). Interestingly 4 probe sets corresponding to PT11 were 
45 
 
significantly upregulated, that is, the same transcript was detected using 4 different probe 
sets in the array, reinforcing the technical reproducibility. In total, 11 previously identified 
genes were upregulated by C2. The list includes: PT11, AM15, AM11, OsAM113, AM42, 
AM1, AM14, OsAM115, CCAMK, AM34, and AM18. 
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Figure 9: Graphical representation of GSEA results for chitinases gene set. In the heatmap, colors 
represent expression levels, red as the highest and blue as the lowest, white represents the mean value. The 
enrichment plot depicts how the enrichment score increases in the right part of the graph, when the running-
sum becomes higher for the control. 
 
As mentioned before, the starch biosynthesis gene set was significantly upregulated in rice 
plants inoculated with isolate C2 or D1. However, the number of significant probe sets in 
both cases was different. While only 10 probe sets were significantly upregulated in the 
case of C2, 24 probe sets were significantly overtranscribed in rice plants colonized by the 
D1 isolate. Figures 10 and 11 show the graphical representation for starch biosynthesis 
overtranscribed probe sets when rice was inoculated with isolated C2 and D1 respectively.  
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Table 11: GSEA results for comparison between C2 isolate and non-mycorrhizal treatments. 
Gene sets enriched in C2 treatment
Gene set Size ES NES NOM p-val FDR p-val
Starch Biosynthesis 54 0.49 1.41 0.000 0.242
Previously reported genes 38 0.43 1.40 0.000 0.178
Gene sets enriched in Non-mycorrhizal treatment (Control)
Gene set Size ES NES NOM p-val FDR p-val
Aminoacid transporters 60 -0.45 -1.46 0.000 0.092
Chitinases 27 -0.79 -1.52 0.000 0.135
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Figure 10:  Graphical representation of GSEA results for starch biosynthesis gene set, comparison C2 
vs. NM. In the heatmap colors represent transcription levels; red as the highest and blue as the lowest, white 
represents the mean value. The enrichment plot depicts how the enrichment score increases in the left part of 
the graph, when the running-sum becomes higher for C2 treatment. 
 
GSEA: comparing the effect of isolate D1 and non mycorrhizal treatments. 
 
The presence/absence call approach revealed differences in rice gene transcription when 
plants were inoculated with isolates C2 and D1. GSEA analysis was applied to the D1 vs. 
NM contrast, in order to gain knowledge about transcription patterns induced by isolate D1 
and also to compare it with expression induced by C2. Table 12 summarizes 7 differentially 
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regulated gene sets, three of them, have not been detected previously. Ammonium 
transporters (Figure 12), previously reported gene sets (Figure 13), cytokine biosynthesis 
(Figure 14) and jasmonic acid biosynthesis (Figure 15) were significant gene sets that 
appear to be under control of isolate D1 in this experiment.  
 
Using “ammonium transporter” as query item in the rice chip annotation site, 17 different 
probe sets were obtained. This group of probe sets was tested against the complete gene 
expression datafile. Six out of 17 ammonium transporter probe sets were significantly 
upregulated in rice plants inoculated with the G. intraradices isolate D1. However, no 
significant probe sets were detected when plants formed symbioses with isolate C2.  
Table 12: GSEA results for comparison between D1 isolate and non-mycorrhizal treatments. 
Gene sets enriched in D1 treatment
Gene set Size ES NES NOM p-val FDR p-val
Starch Biosynthesis 54 0.52 1.46 <0.001 0.106
Amonium transporters 17 0.41 1.35 <0.001 0.212
Previously reported genes 38 0.61 1.31 <0.001 0.232
Citokinin Biosynthesis 83 0.38 1.29 <0.001 0.204
Gene sets enriched in Non-mycorrhizal treatment (Control)
Gene set Size ES NES NOM p-val FDR p-val
Aminoacid transporters 60 -0.49 -1.54 <0.001 0.039
Jasmonic acid biosynthesis 55 -0.52 -1.43 <0.001 0.125
Chitinases 27 -0.62 -1.38 <0.001 0.134
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Figure 11: Graphical representation of GSEA results for starch biosynthesis gene set, comparison D1 
vs. NM. In the heatmap, colors represent expression levels, red as the highest and blue as the lowest, white 
represent the mean value. The enrichment plot depicts how the enrichment score increases in the left part of 
the graph, when the running-sum becomes higher for D1 treatment. 
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Figure 12: Graphical representation of GSEA results for the ammonium transporters gene set, 
comparison D1 vs. NM. In the heatmap, colors represent expression levels, red as the highest and blue as the 
lowest, white represent the mean value. The enrichment plot depicts how the enrichment score increases in 
the left part of the graph, when the running-sum becomes higher for D1 treatment. 
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Regarding the gene set containing previously reported genes, found in literature, a total of 
24 probe sets were statically upregulated. As it was for C2 treatment, four different probe 
sets point to PT11. The entire probe sets upregulated by isolate C2 were also upregulated 
by isolate D1. Furthermore, 10 extra probe sets, not detectable when plants formed 
symbioses with C2, were significant in D1 inoculated plants. Genes AM2, AM39, AM42, 
AM10, OsAM85, AM25, AM29, AM3, AM20 and NIN where represented by at least one 
probe set in our experiments. A graphical representation is shown in Figure 13. 
 
83 probe sets are reported, at the gramene database, representing genes controlling 
cytokinin 7-N-glusocise biosynthesis and/or cytokinin 9-N-glucoside biosynthesis. Figure 
14 depicts the expression patterns of 30 statically significant probe sets involved in the 
synthesis of these hormones. These gene set is only upregulated in rice plants colonized by 
G. intraradices isolate D1. 
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Figure 13: Graphical representation of GSEA results for previously reported genes gene set, 
comparison D1 vs. NM. In the heatmap, colors represent expression levels, red as the highest and blue as the 
lowest, white represents the mean value. The enrichment plot depicts how the enrichment score increases in 
the left part of the graph, when the running-sum becomes higher for D1 treatment. 
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Figure 14: Graphical representation of GSEA results for Cytokinin biosynthesis gene set. In the 
heatmap, colors represent expression levels, red as the highest and blue as the lowest, white represents the 
mean value. The enrichment plot depicts how the enrichment score increases in the left part of the graph, 
when the running-sum becomes higher for D1 treatment. 
On the side of downregulated probe sets, apart from amino acid transporters and chitinases, 
jasmonic acid biosynthesis genes were also present. In the heatmap, Figure 15, the higher 
expression values were assigned to the control treatment. However, the result has to be 
interpreted under the scope of a downregulation caused by isolate D1, more than an 
overtranscription by the nonmycorrhizal control. It is important to emphasize that any 
statically relevant pattern was obtained comparing C2 vs. NM for this gene set.  
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Figure 15: Graphical representation of GSEA results for jasmonic acid biosynthesis gene set. In the 
heatmap, colors represent expression levels, red as the highest and blue as the lowest, white represents the 
mean value. The enrichment plot depicts how the enrichment score increases in the right part of the graph, 
when the running-sum becomes higher for the control. 
 
GSEA: Direct comparison between rice plants inoculated with isolate C2 or D1. 
 
The differences in the transcription patterns of rice plants inoculated with both mycorrhizal 
treatments motivated a direct comparison between those treatments using GSEA. The 
results shown in Table 13 represent differences in two gene sets. Those differences could 
be explained by C2 upregulation or D1 downregulation. The jasmonic acid biosynthesis 
gene set was not only present in the compassion between D1 and NM, but was also present 
when C2 and D1 were directly compared. The number of probe sets decreased from 18 to 
11 when rice transcription induced by the isolate D1 is compared with the rice transcription 
induced by the control or the isolate C2, respectively. Given that no upregulation was 
detected in the analysis between C2 and NM, we cannot confirm that transcription values 
are statistically different in both treatments (Figure 16).  
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Table 13: GSEA results for comparison between rice gene transcription when inoculated with C2 or D1 
isolates. 
Gene sets enriched in C2 treatment
Gene set Size ES NES NOM p-val FDR q-val
Jasmonic acid biosynthesis 55 0.49 1.51 <0.000 0.053
Clavata Ser/thr kinases 23 0.57 1.42 <0.000 0.162
No Gene sets enriched in D1 treatment
 
 
ProbesetC2 D1
1 2 3 1 2 3
 
Figure 16: GSEA results graphical representation for jasmonic acid biosynthesis gene set. In the 
heatmap, colors represent expression levels, red as the highest and blue as the lowest, white represents the 
mean value. The enrichment plot depicts how the enrichment score increases in the left part of the graph, 
when the running-sum becomes higher for C2 treatment. 
 
Clavata serine/threonine kinases have been reported as a family of receptor like kinases 
involved in meristem development. The mechanisms followed by some LRR-RLK 
receptors, as SYMRK-NORK resemble the Clavata1,2,3 complex (Kistner and Parniske, 
2002). Using the annotation term, “Clavata” as a query item, a search was performed in the 
rice chip annotation site. 23 probe sets were tested using GSEA and 8 of them were 
significant in the C2 vs. D1 comparison. This gene set was not significant when 
53 
 
comparisons against the control were made, however a direct comparison revealed 
upregulation patterns for C2 and/or downregulation patterns for D1 (Figure 17).  
 
ProbesetC2 D1
1 2 3 1 2 3
 
Figure 17: Graphical representation of GSEA results for clavata proteins gene set. In the heatmap, colors 
represent expression levels, red as the highest and blue as the lowest, white represent the mean value. The 
enrichment plot depicts how the enrichment score increases in the left part of the graph, when the running-
sum becomes higher for C2 treatment. 
 
Quantitative PCR validation. 
 
To confirm the results obtained using all the approaches mentioned above, seventeen up 
and down regulated probe sets were selected based on their respective GO term to perform 
quantitative PCR. Probe set ID, TIGR loci ID and primer parameters using in the design 
can be found in Table 14. Poliubiquitin is a constitutively expressed gene used as a regular 
control in different expression studies. It was used as a reference to normalize and calculate 
levels of relative transcription. The transcription pattern showed by this gene in our study 
was fairly constant among treatments.  
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Table 14: Primer pairs characteristics used in quantitative PCR validation. Tm, melting temperature °C 
GO Term Probeset ID TIGR 5 ID
Primer Forward Primer Reverse Amplicon
Length
(bp)Sequence Tm %GC length Sequence tm %GC length
Chitinase activity
1 Os.3415.1.S1_s_at LOC_Os10g39680 GGGTAGTTCTGACCAGTTCCA 59,05 52,38 21 GTAGTTCGATTGCCCTGTCA 58,72 50 20 115
2 Os.10166.1.S1_at LOC_Os04g41680 TCACTCATGAGACCGGACATA 59,1 47,62 21 CACTGCTTGTTGTTCTTGTCG 59,54 47,62 21 85
3 Os.8178.1.S1_at LOC_Os11g37970 GAGACTCGTGTGGCAAGTGTA 58,95 52,38 21 TCTCGTAGTCCAGATCCAACC 59,15 52,38 21 111
4 Os.7991.1.S1_at LOC_Os04g41620 ATGTCACACACGAGACTGGAC 58,58 52,38 21 CCACTGTTTGTTGCTCTTGTC 58,41 47,62 21 89
DNA binding
5 Os.51926.1.S1_x_at LOC_Os11g08210 AAGACCAACTGGATCATGCAC 59,99 47,62 21 CTCTCGATCACTCCCTTCTTG 59,03 52,38 21 149
6 Os.50901.1.S1_at LOC_Os01g64900 TTCGAGTAATGCACAGACCAG 59,94 47,62 21 CAGTTGCACCTTCCTTGATCT 59,34 47,62 21 88
7 OsAffx.27480.1.S1_at LOC_Os06g06900 AGTCATCACAGTCCCACCTTC 59,02 52,38 21 GTTTCCTGGCAGACTTTCTTG 58,97 47,62 21 119
8 Os.27227.1.S1_at LOC_Os09g16510 ATGGCCATAGCTGGAGAAAG 59,29 50 20 GTGGGTGCAACGGTAGTAAC 58,01 55 20 80
9 Os.56665.1.A1_at LOC_Os10g25170 GCCACACCAAAAAGAACAAG 58,26 45 20 ACGTCGTACTCGTCTACCTCCT 59,34 54,55 22 133
10 Os.14934.1.S1_at LOC_Os04g08740 CAGTTCTGAGATGGGGCTTAG 58,94 52,38 21 GGCCTTTTGAATCAGAGACTG 58,92 47,62 21 92
Iron ion binding
11 Os.11546.1.S1_at LOC_Os06g35520 ACAACGCCTACTACCAGAACC 58,27 52,38 21 AGACGAAGTCGGAGGAGAACT 59,5 52,38 21 138
12 Os.12201.1.S1_at LOC_Os09g27750 GATCATCGACATGAGTCTGCTC 59,84 50 22 CTTGGTCATCTTCTCCACCTC 58,73 52,38 21 148
13 Os.12191.1.S1_at LOC_Os03g13140 GTGAGAGACACCACCCTCAA 58,64 55 20 ACCTCCTCCTTGATCGTGTC 59,1 55 20 113
14 Os.12191.1.S1_s_at LOC_Os03g12510 CACTTTGAGGTGACGAGGTTC 59,75 52,38 21 GACCAGTTGGTTGTAGGCTTC 58,71 52,38 21 114
15 Os.14415.1.S1_a_at LOC_Os01g25484 CTACATCACCAGCAACTTCCA 58,79 47,62 21 GTGTGGGTGCTCGTACAGAT 58,6 55 20 103
Defense response
16 Os.49400.1.S1_s_at LOC_Os11g11960 CTGAAGAAGCTCTCCCTGTTG 59,22 52,38 21 CAGCATCTTCTTGTGCATCTC 58,61 47,62 21 81
Starch metabolic 
process
17 Os.9212.1.S1_at LOC_Os07g22930 GGCATTCCAAGAAATGGTTC 59,37 45 20 AGAAGAACCTCCTCCCACTTC 58,8 52,38 21 84
 
 
With the aim of performing a quality control measure for RT-PCR data, dissociation curves 
for each primer pair were manually analyzed. As an example two curves, corresponding to 
primer pairs 17 and 9 can be seen in the Figure 18. A reliable RT-PCR result is only 
possible to obtain when one peak increases along the temperature gradient. Only two 
primer pairs, namely nine and twelve, failed the quality control. 
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Figure 18: Dissociation curves for primer pairs 17 and 9. 
 
 
All the genes tested in the analysis showed variation between treatments. Primer pairs 1, 2, 
3 and 17 are shown in Figure 19. For all of these genes, one way ANOVA and multiple 
comparison tests revealed significant effects of the treatments (gene) and significant 
differences between mycorrhizal treatments and controls. In the case of the primer pairs 1 
and 2 (endochitinases), the tukey test assigned the treatments C2 and NM to different 
groups, while treatment D1 was in an intermediate pattern belonging to both groups. For all 
the genes displayed in the graph, downregulation was more severe in treatment C2 than in 
treatment D1, however there were no cases where statistically significant differences place 
treatments apart from each other. 
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24-LOC_Os11g11960: NBS-LRR type disease
resistance protein (RPM1)
 
Figure 19: Transcriptional variation in four genes. Genes were randomly selected out of the group of 
differentially regulated genes. Transcriptional levels are relative to poliubiquitin gene transcription. Error bars 
represent standard deviation, letters indicate significant differences (p<0.05) according to Tukey HSD test. 
 
 
Relative transcription values for 15 amplified genes are presented in Table 15. Two primers 
pairs, that did not pass quality control, were not included in the analysis. For the quality 
amplified genes mean values corresponding to the relative transcription of three technical 
replicates are displayed for each of the biological replicates. For primer pairs one to four, a 
pattern of downregulation evidenced in the microarray is confirmed by RT-PCR. Defense 
response term was represented by probe set Os.49400.1.S1_s_at, and its expression level 
varied in the order of hundred between treatment C2 and D1 and also between mycorrhizal 
and non mycorrhizal treatments. Starch biosynthesis term was represented by probe set 
Os.9212.1.S1_at, and an upregulation pattern was observed in both mycorrhizal treatments. 
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Table 15: Quantitative PCR results for 15 randomly selected differentially regulated genes. Mean values 
correspond to three technical replicates. Relative expression was calculated according to transcription of 
poliubiquitin gene. 
Probeset ID TIGR 5 ID C2 D1 Non-MicorrhizalR1 R2 R3 R1 R2 R3 R1 R2 R3
Chitinase activity
1 Os.3415.1.S1_s_at LOC_Os10g39680 Mean 1,00 9,83 7,84 24,38 56,58 29,11 87,18 39,31 NaN
SD 0,11 0,89 0,20 0,53 4,21 1,32 2,50 1,72 NaN
2 Os.10166.1.S1_at LOC_Os04g41680 Mean 1,00 1,77 2,38 13,96 14,92 2,38 27,55 13,27 23,57
SD 0,03 0,11 0,06 0,47 0,61 0,07 1,32 0,36 1,44
3 Os.8178.1.S1_at LOC_Os11g37970 Mean 1,43 1,12 1,00 1,73 2,18 1,54 3,45 4,21 2,94
SD 0,02 0,03 0,03 0,04 0,04 0,05 0,07 0,10 0,06
4 Os.7991.1.S1_at LOC_Os04g41620 Mean 3,09 1,84 2,40 3,49 10,56 1,00 11,47 10,47 11,19
SD 0,16 0,06 0,04 0,09 0,28 0,05 0,31 0,30 0,30
DNA binding
5 Os.51926.1.S1_x_at LOC_Os11g08210 Mean 564,35 76,83 246,94 20,23 72,80 1075,51 54,16 1,00 40,63
SD 82,39 33,69 41,72 9,95 53,37 29,17 9,75 3,04 13,84
6 Os.50901.1.S1_at LOC_Os01g64900 Mean 60,48 1125,00 503,81 1,00 161,28 363,48 904,27 574,05 43,70
SD 4,31 27,17 31,01 0,24 5,29 18,53 25,87 9,64 4,82
7 OsAffx.27480.1.S1_at LOC_Os06g06900 Mean 3,60 9,90 6,61 1,00 5,98 4,87 3,74 5,28 5,79
SD 0,27 0,42 0,20 0,05 0,27 0,14 0,13 3,67 1,24
8 Os.27227.1.S1_at LOC_Os09g16510 Mean 7,19 15,02 13,03 7,40 4,23 1,00 50,12 4,52 4,50
SD 0,28 0,52 0,36 0,52 0,48 0,04 1,67 0,31 2,31
10 Os.14934.1.S1_at LOC_Os04g08740 Mean 1,54 1,13 1,59 1,27 1,00 1,29 1,59 2,21 2,53
SD 0,03 0,02 0,05 0,03 0,03 0,03 0,05 0,05 0,94
Iron ion binding
11 Os.11546.1.S1_at LOC_Os06g35520 Mean 1,00 71,24 365,50 52,36 1035,97 2022,02 7881,58 13567,39 1751,94
SD 0,11 13,66 22,83 0,34 61,33 45,32 484,76 230,66 138,59
13 Os.12191.1.S1_at LOC_Os03g13140 Mean 9,37 2,35 6,28 7,03 1,00 1,49 35,83 2,72 23,75
SD 0,43 0,15 0,13 0,20 0,08 0,16 1,21 0,05 0,59
14 Os.12191.1.S1_s_at LOC_Os03g12510 Mean 3381,16 257,07 1826,86 1,00 430,48 176,43 3079,47 3547,12 7957,05
SD 108,62 12,19 44,39 0,10 12,11 5,16 121,10 53,26 103,06
15 Os.14415.1.S1_a_at LOC_Os01g25484 Mean 397,60 270,93 332,00 1,00 204,52 2,60 161,39 4,02 755,54
SD 12,48 10,73 10,81 0,34 8,25 0,34 8,46 0,50 18,41
Defense response
16 Os.49400.1.S1_s_at LOC_Os11g11960 Mean 0,90 1,10 1,00 118,17 308,93 502,28 1094,50 979,69 584,66
SD 0,11 0,20 0,16 4,69 8,40 6,45 26,16 28,48 228,99
Starch metabolic 
process
17 Os.9212.1.S1_at LOC_Os07g22930 Mean 5,10 16,25 19,12 16,93 11,10 5,13 4,32 1,00 2,24
SD 0,08 0,40 0,60 0,49 0,62 0,10 0,06 0,06 0,06  
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Discussion 
 
Rice feeds more than half of human population, making it one of the most important cereals 
in the traditional diet. Moreover, rice has become a model system to develop genetic, 
genomic and transcriptomic studies in monocot plants, because of the currently available 
facilities as the full genome sequence and different microarray technologies. The interest 
about the positive effects of arbuscular mycorrhizal symbiosis on rice was stimulated in 
2010, when genetically manipulated isolates of G. intraradices were reported to increase 
rice growth up to five times. This genetic manipulation using anastomosis and segregation 
of nuclei in hyphe, resembles traditional methods in plant and animal breeding more than 
biotechnological and transgenic approaches.  
 
The genetic variation present in naturally occurring and manipulated isolates of G. 
intraradices has not been studied in great detail and little is known about the effect of this 
variation on plant gene transcription. Rice phenotypic variation provides certain clues about 
possible effects of G. intraradices genetic variation on rice gene transcription (Angelard et 
al., 2010; Gutjahr et al., 2009). However, the lack of plant phenotypic variation does not 
necessarily mean lack of rice gene transcription variation. Moreover, the existence of plant 
phenotypic variation largely relays on the measure taken by the researcher, then certain 
features displaying high variation could be ignored if the researcher overlook them. This 
study demonstrates the occurrence of large scale transcriptional differences caused by two 
phenotypically similar but genetically different G. intraradices isolates. Furthermore, rice 
gene transcriptional variation appears to be strongly influenced, quantitatively more than 
qualitatively, by fungal genetic variation.  
 
As the symbiosis between plants and AMF is based on nutrient exchange, mainly 
phosphorous, nitrogen and carbohydrates, we have explored in detail such categories. 
Starch biosynthesis instead of starch degradation probe sets were upregulated by both 
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isolates compared with the control; however the number of significant probe sets was two 
times higher when rice plants were inoculated with isolate D1. As it has been proposed, 
ammonium transporters were upregulated when plants were treated with G. intraradices. 
This study is the first report about ammonium transporters overtranscription when 
monocotyledonous plants form mycorrhizal symbioses, presenting an interesting list of N 
transporter candidates. The model of nitrogen transport also suggests that N could not be 
transported because if fungi release such molecules to the plant, carbon molecules will be 
lost by the AMF. We found evidence that suggest downregulation of plant amino acid 
transport induced differentially by each isolate. All the categories mentioned before were 
regulated in the same fashion by both isolates compared with the control; however, the 
number of probe sets significantly regulated by each isolate was different.  
 
Plant hormone responses appears to be one category influenced by G. intraradices genetic 
variation. Jasmonates and Citokinis were found under control of only one isolate, D1. The 
influence of different transcription factors and receptor proteins as HY5, TF2 and RPM1 
could be linked to the changes in transcription observed in this categories. Detailed studies 
are needed to clarify the relationship. In order to provide a concrete view of our results, we 
present the discussion for different categories and GSEA probe sets found not only with 
GSEA but also with GO and linear model approaches.  
 
CCD1 calcium binding protein 
 
Calcium is thought to play a major role during initial steps of plant-microbe interactions. 
The detailed studies of Rhizobium - legume symbiosis lead to the discovery of an important 
process, known as calcium spiking. In this scenario root hairs, stimulated by Rhizobium 
bacteria experience a sharp increase in calcium concentration around the nucleus 
(Charpentier et al., 2008). Detailed studies have revealed that increased calcium 
concentration, caused by mycorrhizal stimulation, appears to be different from that induced 
by bacterial stimulation (Kosuta, 2008). The way in which plants sense this increment in 
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calcium, is not resolved. CCaMK, is a calcium-calmodulin-dependent kinase which has 
been propose as an excellent candidate for calcium sensing during the first steps of both 
symbioses (Parniske, 2008). However, a common signal and also a common receptor alone 
cannot explain the differences in plant phenotypes caused by these symbionts (Kosuta, 
2008).   
 
Out of 292 probe sets expression values exposed, one probe set was downregulated in rice 
plants inoculated with isolate C2 and upregulated when plants formed symbioses with 
isolate D1. Interestingly, this probe set corresponds to a gene annotated as CDD1. As 
CCaMK, CDD1 is a Ca2+ binding protein, with conserved EF-hand motifs and able to sense 
changes in concentration of less than 1 µM. Following calcium binding, these proteins are 
subject to conformational changes and also to interact with other proteins. 
 
Takezawa (2000) found concluding evidence about the overtranscription of CDD1, in 
wheat cells, when fungal elicitors were applied. Recently, chaos system theory and 
differential activation of CCaMK have been suggested as models to explain how one 
simple receptor can transmit two different messages (Oldroyd et al., 2009 and Kosuta, 
2008). Our findings regarding this new calcium receptor protein originate new hypothesis 
about the impact of many calcium receptors for the specificity of the interaction. 
 
Starch and carbon metabolism 
 
The arbuscular mycorrhizal symbiosis is based on a mutual exchange of nutrients, with 
fungal phosphorous and nitrogen in exchange of plant carbohydrates. Monoxenic culture 
was an important breakthrough in mycorrhizal studies (Bécard and Fortin 1988), which 
facilitated the study of metabolic functions and fluxes (Shachar-Hill, 2007). Using this 
system, different approaches propose hexoses as molecules released by the plant to the 
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fungus (Bago et al., 2003, Shachar-Hill et al., 1995). This knowledge led us to formulate 
the hypothesis of increased starch degradation processes in established mycorrhizal 
symbiosis.  
 
Twelve weeks after germination rice plants growing at a6 hours light regime were entering 
in the reproductive phase. At this stage vegetative growth is ceasing and the immature 
panicle is growing. At this stage, carbohydrates are relocated to the flag leaf and the panicle 
to be used in amino acid production and cellulose formation (Yamamoto, et al., 2000). 
However carbohydrates are not expected to be actively relocated to root system to be stored 
as starch. Surprisingly, starch biosynthesis probe sets instead of starch degradation, were 
found as significantly upregulated in the two mycorrhizal treatments used in this study. 
These results could appear contradictory under the scope of hexose transport and carbon 
exchange. However, the strong statistical evidence in our study and two extra findings 
(jasmonic acid biosynthesis, and LRK1 upregulation in D1 treatment, both discussed 
below) support this important discovery.  
 
Even if GSEA analysis detected starch biosynthesis gene sets upregulated in rice plants 
treated with G intraradices isolates C2 and D1, the number of probe sets was twice for D1 
than the first treatment. Starch biosynthesis metabolic pathway is made of many 
isoenzymes in each step. Temporal and quantitative differences in starch synthesis could be 
determined by differential expression or cooexpression of isoenzimes in every step (Martin 
and Smith, 1995). A possible explanation is that AMF fungi act as enhancers for genes and 
pathways related with quantitative traits, a hypothesis that, up to now, has not been tested. 
A second explanation could be related to the formation of metabolic induced sink by the 
AMF, in this scenario the synthesis of starch would reduce the availability of carbohydrates 
in root cells, thus increasing the sink power of the root system (Taiz and Zeiger, 2006). 
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Transcription factors 
 
Downregulation in loci LOC_Os02g47370 and LOC_Os02g10860 (annotated in affymetrix 
data base as TF2 and HY5 transcription factors respectively) was detected in both 
mycorrhizal treatments using different approaches. TF2 belongs to MYB family of 
transcription factors; a group of proteins characterized by the presence of one to three 
repeats of the MYB domain, each with 52 amino acid residues, adopting a helix-turn-helix 
conformation which intercalates the DNA major groove. Three different groups according 
to MYB repeats have been proposed and reviewed in detail by Yanhui et al. (2006). Each 
group appears to be in charge of different functions. Thus, the most characterized group has 
been described with functions that include regulation of secondary metabolism, control of 
cell morphogenesis, regulations of cell formation and development, control of the cell cycle 
and various defense and stress responses (Yanhui  et al., 2006). The extent to which 
downregulation processes for this locus have implications for rice development must be 
seen with caution, especially because there can be a problem in the annotation. Ricechip 
annotation site reports the same locus with the name “Transcription factor GT-3b”. Other 
locus in the rice genome (LOC_Os04g51320.1) sharins the same annotation, is part of a 
QTL controlling rice grain number per panicle (Deshmukh et al., 2010). Concluding 
detailed bioinformatic and biochemical work needs to be applied in order to clarify the 
functions and features of this commonly downregulated transcription factor.  
 
Nodules are absent structures in mycorrhizal symbiosis, however, several noduline proteins 
and transcription factor are supposes to model initial steps of the plant-AMF interaction. 
Arabidopsis thaliana HY5 is a homolog of Lotus japonicus ASTRAY, a transcription factor 
controlling root nodule number. It is reported that even if HY5 lacks the legume domain 
present in ASTRAY, it is a conserved transcription factor in flowering plants (Zhu et al., 
2006).  
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One transcription factor has a differential transcription pattern when plants were inoculated 
with isolates C2 and D1. Locus LOC_Os06g06900 corresponds to a protein with a DNA 
helix-loop-helix binding domain which displays high similarity to Arabidopsis SPATULA. 
While the function and expression of this protein has been located in floral organs, gene 
transcription is not restricted to aerial parts (Heisler et al., 2001). Levels of transcription 
have been detected in lateral root caps, probably controlling growth promotion or tissue 
abscission. Mutant spatula phenotypes are restricted to abnormalities in floral organs. 
However, the impact of upregulation in the case of C2 and downregulation in D1, on lateral 
root formation, growth or inhibition, is currently a matter of debate.  
 
GSEA analysis shed light in two previously reported transcription factor categories. The 
well studied GRAS transcription factor family was absent in our results. As mentioned by 
Udvardi and Scheible (2005) two GRAS transcription factors (NSP1 and NSP2) interact 
with CCaMK when bacterial symbiosis is taking place, but there is no evidence about the 
same phenomena when mycorrhizal symbiosis is occurring. However, emphasis should be 
put on the fact that GSEA analysis relays on the ratio of overtranscribed genes over total 
genes in the gene set. Therefore, just a few overtranscribed probe sets in the GRAS group 
could modify the results 
 
On the other hand, OsAM205 is a previously reported WRKY transcription factor 
upregulated not only when AMF colonized the roots, but also when rice plants were 
attacked by pathogens such as Magnaporthe grisea and Fusarium moniliforme (Güimil et 
al., 2005). Transcription levels of OsAM205 were low in comparison with non-mycorrhizal 
plants. These results need to be confirmed, because OsAM205 is considered as an important 
transcription factor upregulated in fungal recognition, therefore we were not expecting to 
have G. intraradices isolates reducing its transcription.  
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Lipid metabolism 
 
GO term (GO:0006629) is defined as: The chemical reactions and pathways involving 
lipids, compounds soluble in an organic solvent but not, or sparingly, in an aqueous 
solvent. It includes fatty acids; neutral fats, other fatty-acid esters, and soaps; long-chain 
(fatty) alcohols and waxes; sphingoids and other long-chain bases; glycolipids, 
phospholipids and sphingolipids; and carotenes, polyprenols, sterols, terpenes and other 
isoprenoids. A direct comparison between both mycorrhizal treatments, C2 and D1, points 
out this GO term as upregulated only in isolate C2. Four out of eight upregulated genes 
contained in this term are directly related with lipid biosynthesis, namely, Acyl-desaturase 
(LOC_Os01g65830) Fatty acid enlongase (LOC_Os02g11070) Omega 3 fatty acid 
desaturase (LOC_OS03g18070) and Lipooxigenase similatar to Arabidopsis LOX5 
(LOC_Os03g49380). Additionally, a manual screening after performing the direct 
comparison also revealed the locus LOC_02g48560.1 Omega 6 fatty acid desaturase. 
Gomez et al. (2009) performing a gene expression analysis in root colonized cortical cells 
mentioned two main reasons to explain the lipid biosynthesis increment. Firstly the sharp 
increment of periarbuscular membrane in the cell-arbuscular interface and secondly a 
strong fungal dependence over the plant fatty acids, given the lack of fungal fatty acid 
sinthetases (Trepanier et al., 2005). This line of evidence is strong for palmitic acid 
biosynthesis; however, our results may result contradictory on the scope of Trepanier et al.  
hypothesis. Concluding, a detailed study about fatty acids dependence of the fungal partner 
regarding AMF genetic variation is needed 
 
Chitinases 
 
A fundamental study proposed differential transcription of plant chitinase gene families 
according to the symbiotic or pathogenic counterpart (Salzer et al., 2000). Within this 
frame, families I, II and IV levels are enhanced by bacteria and also by pathogenic fungi. 
However, mycorrhizal fungal symbionts do not cause upregulation in chitinase class I, II 
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and IV transcription. Conversely, chitinase class III enzymes are proposed as a mycorrhizal 
specific group in Medicago truncatula (Salzer et al., 2000). In our study, six probe sets 
corresponding to class I chitinases; Chia4a, Chit 7, Chit 14, and Os.1721.S1_a_at were 
commonly downregulated in both mycorrhizal treatments. Surprisingly, probe set 
Os.36593.1.S1_at annotated as Chit 10 was upregulated only in rice plants inoculated with 
C2 isolates and probe set Os.28531.1.S1_at was upregulated only in the D1 treatment. 
These results open the discussion about a possible set of chitinases specific to each 
mycorrhizal isolate, based on isolate genetic composition. More studies should be 
performed in order to gain knowledge regarding specificity at this level.. 
 
Noduline proteins in mycorrhizal symbioses 
 
Nodulin proteins were over transcribed in the interaction between rice plants with two 
genetically different isolates of Glomus intraradices. Probe set OsAffx.14656.1.S1_at 
corresponds to LOC_Os05g12320, is a locus formerly reported acting as a control factor of 
nodulation process in Medicago truncatula during symbiosis with Rhizobacteria. (Gamas, 
1996). Additionally, recent evidence draws attention to the possible function of this gene as 
a recessive disease resistance protein named xa13 against Xanthomonas oryzae pv oryzae in 
rice plants (Chu et al., 2006). However, there is not consisting evidence linking xa13 with 
MtN3. To our knowledge MtN3 has not been reported before, involved in the arbuscular 
mycorrhizal symbiosis. 
 
Jasmonic acid, defense response and sink strength function. 
 
A general model to explain the role of salicylic and jasmonic acids in Arabidopsis aerial 
tissues affected by plant pathogens has been reviewed in detail (Glazebrook, 2005). An 
effective defense mechanism against biotrophic pathogens depends largely on host 
programmed cell dead, a process generally driven by salicylic acid signaling pathways. 
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However, necrotrophic pathogens could benefit from host programmed cell death, therefore  
a different defense mechanism and molecular signaling,  based on jasmonate signaling, 
takes place (Glazebrook, 2005). 
 
The discovery of Pseudomonas syringe coronatine has raised a generalized idea of 
antagonistic relationship between salicylic and jasmonic acid pathways (Katsir et al 2008; 
Brooks et al., 2005; Melotto et al., 2006). Even if the evidence for the Arabidopsis-
Pseudomonas pathosystem is strong, generalizations tend to be confusing (Glazebrook, 
2005). For example, in cev1 mutant plants there is a jasmonate signaling over expression 
which instead of favoring biotrophic pathogen infection, has provoked a resistance reaction 
(Glazebrook, 2005).  
 
The jasmonic - salicilyc acids signaling process has been recently reviewed for root 
biotrophs, especially regarding mutualistic associations (Gutjahr and Paszkowski, 2009) In 
this case, an antagonistic relation appears to be the exception more than the rule. In 
mycorrhizal symbiosis, jasmonate signaling is displayed in two different steps. Firstly, 
jasmonic acid emerges during initial steps of the interaction, fixing the responsiveness to 
calcium spiking process. At this step the common symbiosis pathway splits and in the case 
of AMF there is an absence of nodules. Secondly, jasmonic acid appears to be a 
determinant for sink strength power in mycorrhizal cells. In this case, an increment in 
jasmonic acid production has been observed in different sink tissues (Hause et al., 2002: 
Hause and Schaarschmidt, 2009). Thus, a model was proposed linking the protection of 
sink organs through the increased signaling of jasmonic acid (Hause et al., 2002).  
 
Our results do not fully support the hypothesis of antagonistic salicylic acid and jasmonic 
acid pathways. Disease resistance genes as PR10, PR4b, and several peroxidases and 
chitinases were downregulated by both isolates. Only two genes were commonly 
upregulated, one NBS-LRR disease resistance gene and one putative disease resistance 
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protein. Accordingly one could expect low levels of salicylic acid gene transcription in the 
treatment roots.  However, rice plants inoculated with isolate D1 also display a significant 
reduction of jasmonic acid transcription genes in GSEA analysis, a phenomenon that was 
not observed in rice plants inoculated with C2 or in the control. Moreover, C2 plants did 
not show significant differences in jasmonic acid gene transcription compared with control 
plants. Detailed experiments need to be carried out in order to clarify whether jasmonic 
acid gene transcription levels correlates with sink strength or if it depends on fungal genetic 
composition. Even more interesting could be the correlation between jasmonic acid 
transcription and starch biosynthesis, which in this study showed to be negative.  
 
Amino acid and ammonium transporters. 
 
In the arbuscular mycorrhizal symbiosis, inorganic N is taken by extra radical hyphae far 
from the root system. It is assimilated to amino acids like arginine and translocated from 
the extraradical mycelium to the intraradical mycelium, specifically to the periarbuscular 
interface. Once amino acids have reached this place, they are thought to be broken to form 
urea, and finally N in the form of ammonium is imported to plant root cortical cells (Figure 
20) (Govindarajulu, et al., 2005; Jin et al., 2005) The model is generally accepted but it 
lacks of a key factor: ammonium transporters are unknown in monocotyledonous plants 
(Parniske, 2008).  
 
Transcriptional patterns in mycorrhizal symbiosis were recently studied in Medicago 
truncatula laser micro dissected cortical cells (Gomez et al., 2009). Using this cutting edge 
approach, one ammonium transporter was discovered and is a very good candidate for 
ammonium transport during symbiosis. However, to our knowledge there are no candidates 
to fill this gap in monocots. A gene set using the category ammonium transport was 
assembled to look for evidence of overtranscription.  Interestingly this gene set was only 
significant when plants were inoculated with isolate D1, especially the probe set 
corresponding to locus LOC_Os02g34580 annotated as ammonium transporter 2, similar to 
Arabidopsis ammonium transmembrane transporter 2. This result strongly supports the 
model of ammonium transport from fungi to roots instead of amino acid transport. 
Functional verification and/or cortical cell expression analysis need to be implemented in 
order to corroborate the results.  
 
 
Figure 20: Model for N transport in the mycorrhizal symbiotic system.  Adapted from Jin et al., 2005. In 
the model the green square represent ammonium transporters suggested in this study.  
 
Interestingly three different probe sets expressed exclusively in rice plants inoculated with 
isolate C2 correspond to nitrate transport. This molecule has not been included in the model 
and does not fit the paradigm of N movement as amino acids through mycelium. These 
results need further confirmation. It is important to highlight that in all comparisons amino 
acid transporters were significantly downregulated. A reasonable explanation was 
propoused by Govindarajulu et al. (2005) when mention that transport of amino acids from 
the fungi to the plant will be highly punished, because precious carbon molecules will be 
missed by the fungi. 
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Common symbiosis pathway and rice alternative pathway 
 
Increasing knowledge about pathways, regulatory genes and transporters have been 
published and reviewed extensively in the last years (Oldroyd et al., 2009; Gutjahr et al., 
2008; Parniske, 2008). Using this information, we constructed a gene set containing IDs for 
38 previously studied genes. Using the gene set in GSEA analysis, we have obtained 
valuable information about upregulation in rice plants inoculated with the isolates used in 
this study. The field of phosphate transporters has been largely explored in mycorrhizal 
research and, as a result, the function and regulation for many of them is currently available 
(Javot et al., 2007). The results obtained in our study follow the pattern previously 
reported. For example, OsPT1 is a rice phosphate transporter cited by Paszkowski et al. 
(2002), and in plants associated with AMF its transcription was repressed. Such pattern was 
confirmed in our study for both isolates. Additionally OsPT11, in our analysis, a reference 
gene for mycorrhizal symbiosis, was detected by four different probe sets, a result that 
highlights the reproducibility of our approach.  
 
The common symbiosis pathway was first studied using Medicago truncatula and bacterial 
symbionts as a model system. However some genes are shared in the mycorrhizal 
symbiosis. Recently, an alternative pathway has been proposed for rice plants undergoing 
mycorrhizal symbiosis. Figure 21 was adapted from a study done by Gutjahr et al. (2008) 
on the alternative pathway. As it was described in the alternative pathway, more than one 
gene could play the same role. In our approach, at least one gene per step (in the published 
pathway) was upregulated. This result calls for attention regarding the effect of fungal 
genetic variation on the host plant quantitative responses. The overtranscription effect of 
one or more genes, at one step, has not been studied and this aspect could shed light on 
plant quantitative and differential responses.  
 
Comparative Arabidopsis expression profiles, in response to virulent and avirulent bacteria 
(Pseudomonas syringae), have proved very useful for transcriptomic analysis of plant 
microbe interactions (Tao et al., 2003). Based on the transcriptional variances observed in 
the experiment, it was concluded, that plant responses during incompatible interactions 
were more robust than responses during compatible ones. Quantitative PCR applied in our 
study, depicts considerable variances for more than a half of the genes tested. This result 
could be explained if the mycorrhizal symbiosis is understand as a compatible interaction. 
Remarkably, the experimental design and cutting edge technology used in this study 
allowed us to verify previously reported models and hypothesis and finding novel patterns. 
 
Quantitative responses, more than qualitative ones, have been suggested as the main 
differential pattern in compatible and incompatible plant pathogen interactions (Tao et al., 
2003). Our analysis brings some support to this hypothesis. Based on starch biosynthesis 
processes, hormone biosynthesis and previously reported genes, we can suggest a 
correlation between fungal genetic differences and quantitative plant responses, a pattern 
calling for further verification.  
 
Figure 21: The common (SYM) and alternative (AP) symbiosis pathways, adapted from Gutjahr et al 
(2008). In the left, yellow squared signal the genes upregulated in rice plants when inoculated with isolate C2. 
In the right, green squares depict the genes upregulated in rice plants inoculated with isolate D1. Interestingly 
a least one gene per suggested pathway was detected for each of the isolates. Castor, Pollux and Cyclops 
overtranscription was not detectable in any of the inoculations. AP: alternative pathway, S induction 
systemically (gray arrows) and L late induction (black arrows). Dashed arrows; dependence has not 
biologically verified.  
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Our approach has generated a plethora of questions, ensuring an exciting time in 
mycorrhizal research, especially regarding genetic intraspecific variation on the fungal side. 
At the same time, our research group is carrying out collaborative projects in order to 
develop a Nimblegen array using the G intraradices transcriptome. 
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